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ABSTRACT 
Although modern Metazoan corals construct Earth’s wave-resistant coral reefs, serve as a 
cornerstone of marine ecology, and may help mitigate the accumulation of greenhouse gases by 
building a skeleton (composed of a calcium carbonate mineral called aragonite) that functions as 
a carbon sink, the mechanisms of coral health, growth, and survival have not been fully 
elucidated.  This study demonstrates that corals, found on the leeward coast of Curacao in the 
Southern Caribbean Sea, manipulate cellular and protein expression of a versatile ectodermal 
cell, the chromatophore, specifically and plastically, to facilitate or inhibit light-capture by the 
coral’s photosynthetic endosymbiont, the unicellular dinoflagellate zooxanthellae.  Quantitative 
image analyses show that both the cellular density of zooxanthellae and the density of the 
chromatophores change according to positioning on the reef tract, and therefore levels of 
irradiance to which the host and endosymbiont are exposed.  These results are correlated to the 
measured change in density articulated in the coral skeleton as sub-annual density banding.  
Results from this study are considered in the context of recent work by the author and Piggot et 
al. 2009, which indicate a measureable, cyclical, and complex geobiological response by the 
coral organism to seasonal changes in SST and ecological differences in irradiance experienced 
by neighboring colonies on the same reef tract.  Foremost, it is hypothesized here that low-
density regions of the coral skeleton are formed during the steady-state coral-symbiont existence 
and are thusly recommended as the targets of isotopic analyses for paleoclimatological studies. 
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CHAPTER 1: Coral Skeletal Density Banding: State-of-the-Art 
 
ABSTRACT 
Although modern Metazoan corals construct Earth’s wave-resistant coral reefs, serve as a 
cornerstone of marine ecology, and may help mitigate the accumulation of greenhouse gases by 
building a skeleton (composed of a calcium carbonate mineral called aragonite) that functions as 
a carbon sink, the mechanisms of coral health, growth, and survival remain poorly understood, 
even at organismal and cellular scales.  Coral biomineralization has been the subject of much 
research recently, with few hypotheses offered to described the system feedback between the 
physical and chemical environment on the reef tract (light, temperature, salinity, ionic 
concentration, pollution, sedimentation, etc.), the organism processing of the information 
(organismal response to environmental cues), and the articulation of that information within 
coral tissue and skeleton.  Stable isotope analyses (e.g., 18O/16O and 13C/12C ratios) of coral 
skeletons serve as one of the primary datasets for paleoclimatological reconstructions, where, of 
particular importance, the oxygen isotopic composition of the skeleton is a proxy for the 
temperature and salinity of the seawater within which corals grow. However, the biological 
influences on the skeletal microstructure and composition are normally not included in these 
calibrations and interpretations, where instead abiotic influences are treated as the primary 
controllers of isotopic fluctuation. This study argues that these records can be more accurately 
and precisely calibrated if the coral organism’s control over skeletal growth is first delineated, 
offering an effect on paleotemperature reconstructions by up to +/- 5 degrees Celsius, when the 
skeleton is sampled in the awareness of skeletal density bands, and the density, isotopic 
composition, and skeletal structure are considered together.  From such a study, it is 
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hypothesized here that the biological and environmental parameters under which the skeleton 
formed can be back-modeled in time (with sub-seasonal resolution) and space on the reef tract.   
Conclusions from this study offer insights into the measurable, and seemingly aggressive and 
highly optimized, response of corals to climatic change, expressed both cellularly in the living 
organism and in the remainder of the living organism, the skeleton. Modern coral skeletons offer 
paleo-climatological (physical, chemical and biological) archives dating back to the mid-Triassic 
Period, but the resolution and interpretation of these data have yet to be fully calibrated to reflect 
the complexity and specificity of coral reef systems.  This review highlights, from the systems 
view to the molecular scale, what is known or hypothesized about the interactions of the main 
players in a complex coral-environment-endosymbiont system (called the coral holobiont).  This 
study contributes vital information elucidating specific, measurable changes in the carbon-
cycling plasticity of the coral holobiont, by tracking cellular densities and protein expression 
over small changes (7 meters) in water depth and the concomitant changes in irradiance which 
the species Orbicella annularis and Orbicella faveolata experience on the reef tract of Curacao 
in the Southern Caribbean.  Subsequently, skeletal density variation (called density banding) in 
these Orbicella species was also quantified over a 15m bathymetric gradient (and, again over the 
related irradiance gradient that accompanies increasing water depth as light is filtered out by the 
water column), where results indicate that skeletal density changes in correlation with the 
cellular and molecular  
 
INTRODUCTION 
Coral biomineralization is the study of the precipitation of minerals controlled, mediated, 
or influenced by living organisms.  Coral biomineralization is responsible for over 284,000 km2 
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of coral reef construction worldwide and serves as a major data source for paleoclimatological 
reconstructions over geologic history (Spalding et al. 2001; IPCC 2013).  Despite modern and 
ancient ecological, geological, and climatological importance, coral growth, health, and survival 
are relatively poorly understood. Literature on coral skeletogenesis remains fragmented, with 
few mechanisms and hypotheses offered, from the systems scale to the molecular scale, despite a 
150-year history of research on the topic (e.g., Cohen and McConnaughey, 2003; Allemand et 
al., 2004; Knutson, 1972; Dana, 1846).  Inter-specific variation and complex environmental and 
biological interactions has resulted in very few fully-developed theories, sensu stricto, 
delineating coral baseline health (coral cellular composition and coral-microbe interactions), 
coral skeletal growth, and coral-environment feedback. It is the number of remaining questions 
in these major fields and the cross-disciplinary importance of coral reefs to Earth’s global 
ecosystem that inspired this study. Of particular interest and importance, the ubiquitous usage of 
coral skeletons for paleoclimatological studies deep in geologic time provides insights into 
Earth’s evolutionary history and holds predictive power as Earth’s biota face a period of global 
climate change.  The most striking aspect of these studies is that the biological control, including 
the effects of environmental change on the coral organism at any rate, remains undetermined and 
therefore the paleoclimatological records extracted from coral skeletons is un-calibrated.  
 Recent coral research has focused on coral animal (tissue, endosymbiont, and skeleton) 
response to of ocean acidification, increasing temperature, and anthropogenic pollution 
(chemical and particulate).  Some coral researchers have hypothesized that the predicted global 
surface temperature increase of 2°C over the next century at the equators (IPCC 2013), and 
expected subsequent increase in sea surface temperature (SST) and ocean acidification will lead 
to a decline of coral reef coverage by 50% over the next few decades, with an increase in 
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extinction risk of all shallow-water corals by 40-60% (Carpenter et al., 2008; this study involved 
a 39-expert panel assessing the extinction risk of 845 coral species worldwide). Others note that 
during periods of climate change over geologic time, corals have migrated, evolved 
(phenotypically, if not genetically), declined in number, diversity, or coverage, or gone extinct 
and expect similar responses in response to future climate change (Budd and Pandolfi, 2010; 
Pandolfi and Kiessling, 2013; Pandolfi et al., 2011; Zachos et al., 2008; Wild et al. 2011).  It is 
also possible that a breakdown of the coral-zooxanthellae endosymbiosis could occur, prolonged 
periods of coral bleaching may occur, or corals could migrate not only latitudinally but 
bathymetrically, as well as modify their behavior and life strategy to survive SST warming, 
ocean acidification, and disease (O’Neill and Oppenheimer, 2004; O’Neill et al., 2008).  This 
study offers that all these things can be more accurately understood and predicted if we 
understand the modern coral carbon-cycling system, how the coral organism physiologically 
shuttles carbon within its closed circuit that is the coral-endosymbiont-skeleton system.  Results 
from this study indicate highly plastic, strategic, and environmentally sensitive and specific 
carbon cycling feedback-loop between the coral host, the photosynthetic endosymbiont, and the 
environment affecting the coral colony in place on the reef tract over time.  
 To further the understanding of coral biomineralization, this study targeted what the 
authors believe are the major controllers in the coral-environment-endosymbiont system, namely, 
temperature and light, coral carbon-cycling (which, in this study considers seawater 
geochemistry, coral nutrient cycling, photosynthesis by the algal-like endosymbiont, coral 
biochemical control and skeletogenesis).  If coral carbon-cycling can be understood, meaning the 
source, alteration, and sinks of carbon (including that into the skeleton), then a unifying model of 
the system can be applied to the present day reef, paleoecology, and future predictions of reef 
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response to environmental change and stressors.  Furthermore, the isotopic analyses of the coral 
fossil record can be calibrated to more accurately model the paleoclimate, providing a higher 
resolution (sub-annual to sub-seasonal or monthly) picture of evolutionary history on a changing 
planet. 
 
Coral CaCO3 Skeletons: Un-calibrated, Highly-Sensitive Climatological Archives 
Stony corals that secrete a hard skeleton, taxonomically classified in the Order 
Scleractinia, serve as ecological cornerstones of tropical and sub-tropical coral reef ecosystems 
(Veron, 2000).  A universal characteristic of coral skeletal growth, and central to many 
outstanding questions regarding coral mineralization, is the formation of density bands that are 
micrometers to centimeters in thickness. These crystalline layers of the calcium carbonate 
(CaCO3) mineral aragonite form couplets of high- and low- density bands, first detected through 
x-radiography and by Knutson in 1972, have been commonly interpreted to represent one year of 
skeletal growth somewhat similar to that of concentric tree rings (Fig. 1; Carricart-Ganivet et al., 
2000; Knutson et al., 1972). Because of their observed regularity and implied simple model of 
seasonal precipitation, density bands are used to temporally constrain (absolute age-date) 
observed fluctuations in the isotopic composition of coral skeletons, which are used as sensitive 
archives of recent and ancient global climate and ocean geochemistry (Barnes and Lough, 1996; 
Cohen 2006; IPCC, 2007, 2013; Wellington and Dunbar, 1996). Previous studies have included 
detailed interpretive reconstructions of sea surface temperature (SST), ocean salinity, sediment 
loading and storm events, ecology, coral life history and even solar radiation and marine 
productivity (Chalker and Taylor, 1975; de Villiers et al. 1995; Fallon et al. 2002; Klein et al., 
1993; Lough and Barnes, 2000; Marshall and McCulloch 2002; Muscatine et al., 1984; 
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Wyndham et al. 2004).  Trends in the isotopic composition and trace element incorporation (i.e., 
Sr/Ca ratios) within coral skeleton density bands also served as a primary data source for the 
Intergovernmental Panel on Climate Change (IPCC) reports, which predict an increase in global 
surface temperature of greater than 4C over the next century (predicting an average increase of 
2°C at the equators, 8°C at the poles; IPCC, 2007, 2013).  
 
 
Figure 1. X-radiographs of O. annularis showing high and low density banding in sectioned samples (~10mm 
in thickness) of coral skeleton from the Back Reef of Curaçao’s fringing reef tract.  In these x-radiographs, 
higher-density material appears more opaque white in color, and less dense material appears darker, or more 
black.  Density bands in the macrostructure occur in millimeter to centimeters in width (outward growth), 
running perpendicular to the primary growth axis, or the axis of linear extension.  Also observable in these 
images are calices, or theca walls (Th) of the polyps that extended in parallel to the primary growth axis.  The 
thecal walls that form the primary delineation of a single polyp can be traced from the inner and older parts 
 7 
(Figure 1 contd.) of the skeleton continuously outward, parallel or sub-parallel to direction of linear extension, 
to the outermost and youngest parts of the colony.  These two x-radiographs demonstrate a key problem facing 
researchers or density bands.  Van Veghel’s image (Left) shows a core approximately 1m parallel to the 
primary growth axis of an O. annularis colony.  This images shows regularly spaced bands, with some variation 
in width near the upper part of the image.  Additionally, the wider low density bands (LDB) are punctuated by 
thinner high density bands (HDB).  This image exemplifies how bands are perceived and treated in coral 
literature; regular banding, where one HDB and one LDB constitute the growth of one year.  The image on the 
left is an x-radiograph performed in this study, showing irregularly spaced, and variables widths of density 
bands. There are regions, like the one outlined in white, where it is difficult to demarcate the beginning and 
end of one band into another.  We hypothesize that, while irregular and therefore somewhat unpredictable, 
these regions of the skeleton represents the sub-seasonal changes in environmental parameters, such as SST.  
Sub-seasonal banding may offer higher-resolution archival of environmental information that, once 
understood and calibrated, can be used extracted through isotopic analysis of modern and ancient corals.   
 
 
 
Figure 2. Modified from NOAA Coral Reef Watch satellite SST data for 2001-2010 on the island of Curaçao, in 
the Southern Caribbean. High density aragonite is thought to precipitate during three months of maximum 
SST, from the months of August, September, and October. Low density bands are associated with the  months 
of lower SST from November to July. Piggot et al. 2009 suggests that, because of the flux in the abundance of 
zooxanthellae and surficial mucocytes that there is a seasonal trophic transition between heterotrophy and 
autotrophy as the main feeding strategy.  Piggot’s study suggests that heterotrophy dominates during high SST 
when zooxanthellae are fewer and mucocytes are abundant, and autotrophy dominates when zooxanthellae are 
abundant and mucocytes are few, relying more heavily on the photosynthetic contributions of the 
zooxanthellae.   
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Although coral skeletons are invaluable archives of climatological data and used ubiquitously as 
such, the influence of environmental factors on the precipitation of the aragonitic skeleton has 
not yet been deciphered because the exact mechanisms driving crystal growth remains unknown 
(Allemand et al., 2004; Cohen 2006; Cohen and McConnaughey, 2003; Cuif et al., 2003; Davy et 
al. 2012; Nortdruft and Webb, 2007; Webb 2007).  Because coral skeletogenesis is not yet fully 
understood, the process of forming density bands within the skeleton is also controversial.   
High-density bands (HDB) are thought to form during higher seasonal SST (July-September) 
while low-density bands (LDB) form during lower seasonal SST (October-June; Fig. 2; Barnes 
and Lough, 1993; Carricart-Ganivet, 2007; Carricart-Ganivet et al., 2000).   
Orbicella species (now, reclassified in the Genus Orbicella, according to Budd et al., 
2012), the target of this study, have been shown to maintain continuous linear extension, or 
outward growth along the primary growth axis (approximately 1mm/month, resulting in 10-
12mm per year; Carricart-Ganivet  et al. 2000, 2007).  In an idealized hemi-spherical coral head, 
linear extension would expand the colony outward in all directions, creating space for new 
polyps to emerge between existing polyps.   Under this assumption of constant outward growth, 
the thickness of each band is proportional to the amount of time within which they precipitate, 
resulting in thicker LDBs commonly punctuated by thinner HDBs (Fig. 1, 2; Carricart-Ganivet, 
2004; Carricart-Ganivet, 2007; Cruz-Piñón et al., 2003).  However, the generally accepted 
regularity of band formation remains controversial, where sub-annual bands have been observed 
in instances of extremely high SST (Carricart-Ganivet, 2007; Worum et al., 2007). Although the 
change in density is an obvious qualitative observation through radiography, density bands had 
yet to be quantitatively defined until this study, offering a new method of standardizing the 
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definition of a coral density band (Allemand et al., 2004; Barnes and Lough, 1993; Carricart-
Ganivet, 2007; Knutson et al., 1972; Swart et al., 1995).  
Furthermore, results from this study indicate that coral skeletal analyses must be 
parameterized by structural and anatomical context, where the inclusion of high density or low 
density banding should be strategically addressed in the sampling regime.  This recommendation 
is now supported by recent efforts that have focused on achieving high-resolution 
paleoclimatological data from coral skeletons.  Studies on the microstructure, isotopic 
composition, and trace element inclusion of the coral skeleton have revealed fine-scale 
(nanometers-micrometers) as well as the meso-scale (millimeters to centimeters) heterogeneity, 
which are often attributed to “vital effects”, a somewhat general term that refers to the biological 
effects on precipitation of the mineral in question (Cohen et al. 2002; Marshall 2002; Meibom et 
al. 2004, 2008; Sinclair 2005; Stolarski and Mazur 2005).  Increasing the spatial resolution of 
isotopic analysis has been facilitated by advances in technology and instrumentation that enable 
an ever-diminishing spot size, or sample size that can be extracted from precise locations in the 
coral macro- or microstructure (Fallon et al., 1999; Sincalir and McCullough 2004; Cohen et al. 
2001, 2002; Meibom et al. 2003; Rollion-Bard et al. 2003).   As previously mentioned, the 
IPCC’s synthesis report in 2013 has measured a 1ºC increase in SST over the past century and 
predicts average global surface warming of 4C over the next century (IPCC, 2013). A mixed 
sample (including random volumes of both high and low density skeleton) provides time-
averaged climatological information archived in the skeleton.  Sampling within density bands, 
however, could elucidate larger fluctuations in temperature, upwards of a 5ºC influence on 
climatological models, past and future, occurring and recorded sub-seasonally (Nortdruft and 
Webb, 2007; Moses et al. 2006, Swart 2003, 1996).  Thusly, hypotheses from this study could be 
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tested in future isotopic analyses of coral skeletons, with the potential of creating a 10°𝐶 swing 
current global surface temperature models.  Extensive study on the drivers of coral skeletal 
growth, and thus, the influences on the chemical signatures of skeletal aragonite, is required to 
calibrate coral deposits as sensitive paleoclimatological archives. Results from this study and 
others suggest that coral skeletons record sub-annual, likely monthly, fluctuations in the 
environment (Cohen 2006, Giry et al. 2010; Zaunbrecher et al. 2010).  To accomplish such a 
calibration, the sources and sinks of carbon, oxygen and calcium, the chemical building blocks of 
the aragonite skeleton, need to have been quantified and tracked across environmental and coral 
life-cycle variability.  As is later discussed, the aragonite saturation state is not limited by the 
availability of calcium, but by actively-transported carbon (Allemand et al. 2003, Clode and 
Marshall 2003).  The mechanisms and facets of coral skeletal growth should then be studied 
through the lens of carbon-cycling, how the relevant molecules (CO2, HCO3
-, CO3
2-) are shuttled, 
altered, or diverted from sources to sinks (Davey et al. 2012, Allemand et al. 2007).   
 
CENTRAL HYPOTHESES AND SUPPORTING QUESTIONS 
We hypothesize that the coral organism is sensitive and plastic, responding to sub-
seasonal changes in its environment to optimize its carbon usage for growth.  We further propose 
that this response alters the acquisition, usage, and storage of carbon in the coral-environment 
feedback system, subsequently altering the crystalline architecture that comprises the fossil 
record. Results from this study shed new light on the mechanisms by which the coral organism 
records environmental data into its skeleton via complex physiological responses to chemical, 
physical, and biological cues.  
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Many questions remain regarding the physiology and metabolism of the coral organism, 
among other functions (i.e., reproduction), that affect the acquisition, fixation, and translocation 
of carbon. The coral animal may acquire carbon from any combination of the following sources: 
(1) photosynthates contributed by an algal-like dinoflagellate endosymbiont (this relationship is 
discussed in detail later in this Chapter and the next, Chapter 2); (2) dissolved organic matter in 
seawater; (3) ingestion of the surface mucus layer produced by the coral and the particulate 
organic matter, sediment, bacteria, or zooxplankton trapped therein; and (4) passive carnivory, 
where stinging cells are mechanically triggered by passing microfauna (Anthony, 1999; Anthony 
and Fabricius, 2000; Barnes and Chalker, 1990; Falkowski et al. 1984; Rosenfeld et al., 1999; 
Muscatine, 1980, 1990.) Skeletal growth has been enhance during experiments where the coral 
experiences increased nutrient availability, suggesting that skeletal precipitation may receive a 
large proportion of the energetic benefits harvested from nutrient capture (Jacques and Pilson, 
1980; Ferrier-Pages et al. 2003; Houlbreque et al., 2003, 2004).  The metabolic pathway 
controlling the rate of coral skeletal growth remains largely un-described, thusly leaving the 
mechanisms mediating aragonite precipitation un-deciphered.   
 The goal of this study is to quantitatively parameterize major physiological influences on 
the internal coral carbon cycle, in the context of varying environmental factors to test the 
plasticity of the carbon expenditure/fixation equilibrium that controls the time, rate, and 
magnitude of carbonate deposition.  The system described above is a complicated one, with 
many unknown variables.  The design of this study was to target key environmental parameters 
to which the coral-symbiont system are known to respond, light and temperature.  Temperature 
was targeted as a key thermodynamic factor in mineral precipitation, but also as a cause thermal 
stress that corals and symbionts experience during elevated temperatures. Thermal stress results 
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in coral bleaching, whereby the symbiont vacates coral tissue with unknown effects on the 
chemical signature of the skeleton (Kleypas et al. 1999; Salih et al. 2006; Sawyer and Muscatine, 
2001; Warner et al. 1999).  Light is a major constraint on the local and global distribution of 
zooxanthellate (those containing the photosynthetic endosymbiont, called zooxanthellae) coral 
reefs.  Light influences both coral and symbiont daily functions, such as rate of cell division, 
enzymatic activity and abundance, cellular composition, mucus chemistry, and gross 
morphology of the coral colony (Wang et al., 1997, 1998, 1999, 2008; Fitt and Trench, 1983; 
Van Veghel, 1994; Van Duyl 1985; Vermeij and Bak, 2002).  The details of the coral-
zooxanthellae symbiosis are widely variable between species and the exact mechanisms of light 
optimization strategies and physiological response to changes in the environmental conditions 
have yet to be specified. These factors will be discussed in detail in the following chapters.   
Our guiding hypothesis states that the aragonitic density banding is controlled by the biological 
response of the coral organism to changes in environmental factors, light and temperature.  
Correlatively, we offer that the annual formation of density bands is linked to a quantifiable 
physiological transition that changes carbon translocation pathway within in the coral animal.  
To test these hypotheses, key cellular and molecular components were quantitatively tracked in 
corals sampled in differing conditions of light exposure and sea surface temperature (SST).   
Ultimately, we offer a new model of skeletogenesis, citing a physiological change occurring over 
both space and time on the reef tract that controls the timing, rate, and magnitude of density 
banding formation. 
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  Fundamental Context of Coral Physiology, Ecology and Evolution 
 Major questions persist regarding the timing, rate, and mechanism of the evolution and 
radiation (phylogenetic branching) of modern Scleractinians, the modern order of reef-building 
skeletonized corals. The majority of coral literature maintains that the order Scleractinia arose in 
the Mid-Triassic, bearing no phylogenetic relationship to the corals of the Paleozoic era, such as 
the reef builders Rugosa and Tabulata (Haeckel, 1896).  Haeckel’s diphyletic hypothesis (1896) 
evolutionarily separates the corals of the Paleozoic era and post-Paleozoic eras.  This 
taxonomical scheme is based largely on phenotype, as molecular phylogeny are only recently 
infiltrating coral evolutionary research.  Mineralogical studies support this hypothesis by 
recognizing a difference in diagenetic behavior of coral fossils from the two groups.  Because the 
three-dimensional fine-scale crystalline structure remains preserved in Paleozoic corals, it is 
reasonably assumed that these corals constructed calcitic skeletons, instead of the modern coral’s 
aragonitic skeleton.  The diagenetic alteration of an aragonitic coral skeleton into the more stable 
CaCO3 mineral calcite is destructive to the fine-scale three-dimensional organization of the 
mineral fibers because of the difference in crystal shape and size between the two minerals.  An 
originally calcitic skeleton maybe recrystallize during diagenesis and preservation, but if it 
remains calcite, the original crystal arrangement may be preserved.  It is this seeming 
fundamental difference in phenotype that supports Haeckel’s diphyletic theory of coral 
evolution. 
In contrast, new studies of the microstructure of coral skeletons are being considered in 
the context of molecular analysis of the phylogeny of stony corals (Romano, 1996; Budd et al. 
2012).  New evidence suggests a possible monophyletic or polyphyletic ancestry that spans the 
Permian-Triassic Extinction Event, extending Scleractinian evolutionary history into the 
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Paleozoic (Fukami et al., 2004, 2008; Cuif 1977, 1980, 2010, Stanley 2003; Stanley and Swart 
1995).    Budd et al. (2012) combined molecular  (combined mitochondrial cox1 and cob DNA 
sequences discussed in Fukami et al., 2008) and morphology mapping (the tracking and 
comparison of macromoprhology, micromorphology, and microstructure of coral skeleton) 
analyses, recommending a fundamental reclassification of the family Mussidae and the genera of 
many coral species therein. Of particular importance, the Orbicella species studied in the present 
study have been re-classified and re-named as the Genus Orbicella, assigned to the Family 
Merulinidae, and phyolgenetically separated from Orbicella cavernosa, which was re-assigned to 
the Family Montastraeida (‘resurrected’ from previous coral literature, according to Budd et al., 
2012). Budd et al. recommend that the “Orbicella annularis complex” should now be referred to 
as the “Orbicella species complex” to reflect this formal reclassification.   The authors 
acknowledged that the morphological analyses and molecular analyses were not always in 
agreement, and for this reason, the family Merulinidae proved problematic in that the 
relationships of the taxa included in this family remain unresolved until analyses can be repeated 
and refined (Budd et al., 2012).  Although this nomenclature has not been fully permeated 
current coral literature, over 100 papers have adopted the new classification system since its 
publication in 2012 (according to a Web of Science search for “Orbicella” in the content, topic, 
or title of the paper www.webofknowledge.com).  Secondly, Budd et al. support a polyphyletic 
model of the evolution of Scleractinian corals, suggesting that the evolutionary framework of 
modern corals is much more complex than previously perceived.  It is possible that the extant 
species of today’s reefs survived and evolved during a time of large-scale ecological disturbance, 
following the Earth’s most devastating mass extinction event, at the Permian-Triassic boundary. 
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The topic of Scleractinian evolution and phylogeny remains an unresolved issue in coral 
research.    
 During the present time of looming climatological change, the predictive power of 
understanding how reef systems responded to environmental change or stress in geologic history 
may prove vital in conserving Earth’s remaining coral reef systems.  It is hypothesized in this 
study that coral survival of major ecological disturbance or perturbation is enabled by a sensitive 
and specific coral host strategy to preserve the endosymbiosis they have developed with an 
algae-like dinoflagellate, the photosynthetic zooxanthellae (housed in the inner layer, or 
gastroderm, of coral tissue).  This facultative mutualism is thought to have facilitated the early 
success of modern corals and may be a primary controller of coral heterotrophic-autotrophic 
plasticity (the ability to shift between feeding modes), as well as a major influence on the rate of 
skeletogenesis. Hypotheses resultant from this study recommend that, instead of being perilously 
confined by a small range of environmental parameters, the coral-zooxanthellae system is in fact 
optimized yet plastic, and therefore resilient when faced with environmental stress. In this new 
model of coral survival and evolution, the physiological state of the organism answers 
environmental challenges with a responsive and optimized flux in carbon allocation, shuttling 
carbon to first protect its zooxanthellae, in a feedback loop that maintains skeletal growth and 
adequate nutrient capture.   
 
The Coral Holobiont 
The coral holobiont is a sensitive system of abiotic (i.e., SST, irradiance, sedimentation, 
ion activity of seawater, pH, wave action, etc.) and biotic (i.e., coral organism, zooxanthellae, 
endolithic boring algae, bacterial colonies inhabiting coral surface mucus layer, coral physiology, 
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etc.) that interact in feedback loops over length scales that span more that 10 orders of magnitude 
– from nanometers to meters (Rowher et al. 2002). The term holobiont is utilized to refer to the 
system as a whole, acknowledging the diverse biological, chemical, and physical parameters of 
the coral micro-ecological system.  The coral organism, the symbiont, and the bacterial 
assemblages housed in the coral surface mucus layer (CSM) are separate biological entities that 
interact in vital processes for survival of each (Ducklow and Mitchell, 1979a; Bythell et al. 2002; 
Rohwer et al., 2002). For example, when the coral is healthy, up to 50% of zooxanthellae 
photosynthates can be incorporated in the construction of the CSM, which houses species-
specific (supposedly commensal) bacterial communities (Brown and Bythell, 2005; Muscatine et 
al. 1984; Edmunds and Davies 1986; Crossland 1987; Rowher et al. 2004).  These microbiota, in 
turn, secrete antibiotic compounds during competition space and sustenance that inhibit 
pathogenic bacteria from inhabiting the CSM (Salyers and Whitt, 1994; Riley and Gordon, 
1999). This is just one example of the biological interdependence within the coral holobiont. 
There are similar chemical and physical interactions that are highly specific and responsive to 
stress and environmental change experienced by the coral holobiont. For example, increased 
irradiance has been shown to affect the mucus chemistry of the CSM, exhibiting a higher 
concentration of a mycosporin-like amino acid (M.A.A.) that acts as a sunscreen, which may 
help prevent coral bleaching (Dunlap and Schick, 1998; Salih et al. 2006).  
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Figure 3. Orbicella faveolata are primary reef-framework building corals, situated on the primarily on the Reef 
Crest, (field photograph of in situ colonies by K. Kwast). O. faveolata is identified in the field by the rounded 
boulder morphology exhibiting longitudinal ridges (LR) that gives way to flattened, plate-like (platy) edges 
near the bottom of the colony (Pl).   They can further be identified bright fluorescent green coloration of the 
mouth region of the coral polyps, surrounded by brown coloring in the coenosarc or inter-polyp tissue region 
(Also seen in Fig. 4).     
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Cellular Composition and Physiology of the Coral Tissues and Endosymbionts 
Scleractinian corals are largely colonial invertebrates composed of polyps, the functional 
unit of a colony, which are each closely genetically related, if not identical (Veron, 2000).  These 
reef-building corals house photosynthetic dinoflagellates, called zooxanthellae, of the genus 
Symbiodinium (Chalker et al., 1986; LaJeunesse et al. 2010).  It is this relationship that has led to 
the restriction of reef-building corals in the photic zone (shallow seas, above 250 meters water 
depth, WD), at 32 latitude, where solar radiation, and the resulting photosynthetically active 
radiation (PAR), is intense and sea surface temperature (SST) remains above 18C (Cohen and 
McConnaughey, 2003; Veron 2000).  The photosynthetic algae are implicated as contributors in 
skeletogenesis, although azooxanthellate corals (those without zooxanthellae) also precipitate a 
skeleton through a seemingly similar process (Cohen and McConnaughey, 2003; Veron, 2000). 
These colonial metazoans are composed of polyps, where each is genetically identical to the next 
(Fig. 04). Polyp tissue (~2mm in thickness) is situated atop the calyx, a cup-shaped skeletal 
structure that mimics the intricate design of the overlying living tissue.  Living corals generally 
exhibit hexameral symmetry and appear abundantly in the rock record during the Triassic Period 
(Stanley 2002).  
Gross morphological features of the individual polyp include an oral disk in the mouth of 
the polyp, lobate structures that resemble concentric rings increasing in size and decreasing in 
elevation from the mouth outward to the lateral margins of the polyp that structurally correspond 
with skeletal septa, radially projecting ‘spokes’ (Fig. 4).  The coenosarc and correspond skeleton 
called the coenosteum serves as the boundary between moderately integrated neighboring polyps 
(coenostoid integration; Stanley 2003).  Coral polyps are interconnected via tissue called the 
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coenosarc.  Coral tissue is composed of three layers: ectoderm, a connective tissue layer called 
mesoglea, and endoderm (Fig. 5).    
Within the endoderm, also termed gastroderm, resides the endosymbiotic dinoflagellate 
zooxanthellae, a unicellular algal-like cell that can contribute up to 100% of the host’s daily 
carbon requirements (Wernegreen, 2000; Brown and Bythell, 1995).  It is this relationship, and 
the host’s trophic plasticity (the ability to employ different feeding strategies), that likely allows 
the sessile coral organism to thrive in the nutrient-depleted warm and shallow tropical seas.   
 It has been shown that the thin layer of tissue, the calicoblastic epithelium, is an effective 
physicochemical barrier in its mediation of the transport of ions, organic molecules, or debris 
from the tissue-seawater interface to the skeleton-tissue interface, where the calcifying space has 
been shown to maintain a chemical environment measurably distinct from that of seawater, 
indicating active transport of ions across the tissue membrane, versus para- and intra-cellular 
permeation.  
  The outermost layer, the oral ectoderm, houses mucocytes, specialized cells that secrete 
mucus to form a surface layer of mucus (the coral surface mucus layer, CSM) that serves as a 
physicochemical buffer between coral tissue and seawater. The CSM can be sloughed off into 
the seawater when the coral is stressed by environmental threats such as high sedimentation and 
exposure to pathogenic microorganism, functioning as a physical form of defense.  The 
underlying ectoderm is studded with cnidocytes, mechanically triggered stinging cells that 
facilitate both passive carnivory and protection from encroaching space invaders or predatory 
grazers. It is these cells that lend the phylum name Cnidarians to corals, anenomes, and jellyfish 
(Peters, 1983). Oral and aboral endoderm, also called gastroderm, houses the endosymbiotic 
zooxanthellae.   
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Oral tissue (at the seawater interface) and aboral tissue (at the skeleton interface) are 
separated by a space, the coelenteron (Peters, 1983). The aboral ectoderm is also called the 
calicoblastic epithelium, or more recently termed the calicodermis (Galloway et al., 2007), a thin 
layer of long, interdigitated cells anchored to the skeleton by specialized cells called desmocytes 
through hemi-desmosome protrusions (Allemand et al., 2004; Moya et al., 2008). The 
calicoblastic epithelium has been postulated to actively transport ions transcellularly (across the 
cellular membrane, passing through the cell) or paracellularly (passing through septate junctions 
between cells), supplying the skeleton with the needed components for growth.  The desmocytes 
have been implicated in the secretion and chemical control of the organic matrix, which 
comprises up to 0.1% of the dry weight of coral skeleton.  Helman et al. described an organic 
extracellular matrix (ECM; ECM also sometimes refers to the “extracellular calcifying medium,” 
which is effectively the same medium”) composed of proteoglycans, collagens, and adhesive 
glycoproteins, aiding in intercellular adhesion, as well as cell-skeleton adhesion (Helman et al. 
2008).  More importantly, this organic matrix likely regulates biomineralization.  Helman and 
colleagues identified acidic amino acids and sulfated polysaccharides as the major components 
this organic matrix (OM), which is thought to be the organic template for the three-dimensional 
structure of the skeleton.   
Reitner found that the organic matrix is mucus composed of carboxyl-rich (acidic) 
proteins that form peptides in a mono-layer -sheet configuration. The highly organized 
distribution of carboxyl groups, which are then bonded to divalent cations, form the interface 
upon which nucleation of aragonite needles occurs and forms the crystal base plane 001 (Reitner 
2005).  It is important to note that these weakly acidic proteins, sulfated polysaccharides, and 
other carbohydrates of the organic matrix are analogous to the exopolymeric substances (EPS) 
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produced by microbes, which are indicated as facilitators of organomineralization (Reitner 2005, 
Kandianis et al. 2007). The organic matrix is recognized as a major controller of the rate and 
ultrastructure of the aragonite skeleton, but the nature and magnitude of its influence on the 
skeleton are poorly understood.  In addition, the effect of abiotic environmental factors on the 
organic matrix composition and abundance has yet to be documented.   
 Important to this study, the presence of chromatophores has been documented in the 
ectoderm, as well as the gastroderm, as will later be discussed.  Chromatophores are pigmented 
cells, with fluorescent proteins (FPs) expressing a photo-excitable chromophore (Zimmer 2002). 
Through excited-state proton transfer within the triplet of amino acids comprising the 
chromophore, fluorescent light is emitted (Zimmer, 2002). The exact mechanisms affecting the 
wavelength at which a protein fluoresces have yet to be determined, but the stereochemical 
configuration of the amino acid residues has been proposed as a major controller (Heikal et al., 
2000; Tsien, 1999; Zimmer, 2002). Chromatophores may or may not be detectable by the human 
eye. Normally, other non-fluorescing chromoproteins are responsible for the varying coloration of 
the coral (Tsien, 1998; Zimmer 2002).  Additional pigmentation of the coral animal is provided by 
the brown/green coloration of the zooxanthellae residing in the underlying gastrodermal (or 
endodermal) layer. 
Up to 97% of corals in a reef system may contain a fluorescent compound, expressed in 
the chromatophore cells, the most common identified as a green fluorescent protein–like (GFP-
like) compound (Salih,2000, Roth 2010). The function of these granular cells is hypothesized as 
either (1) photo-protective, through absorption and diffusion of harmful solar radiation, or (2) 
photo-facilitative, where the absorption and re-emission of solar radiation in a longer 
wavelength, stabilizes the photosynthetic capabilities of zooxanthellae (Salih, 2000; Salih et 
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al.,1998; Hill et al., 2004; Lesser, 2000; Roth, 2010).  This distinction seems to be made 
primarily upon the positioning of the chromatophores; chromatophores in the ectoderm, 
overlying the zooxanthellae are photo-protective, whereas those found in the gastroderm 
amongst the zooxanthellae are photo-facilitative. This study identified chromatophores in the 
oral ectoderm, the tissue layer over-lying the oral gastroderm, which houses zooxanthellae. The 
positioning and fluorescent emission spectra, presented in Chapter 2, indicate a photo-protective 
capability of chromatophores in shallow water Orbicella species.   Additionally, it was 
documented in this study that there is a differential density of fluorescent chromatophores in the 
oral ectoderm covering primary septa versus secondary septa.   
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Figure 4. The functional unit of a coral colony is a polyp, where one individual polyp is genetically identical to 
the next (A, scale bar 2mm; photo by K. Kwast).  This field photograph of in situ polyps shows all stages of 
polyp extension (EP, extended polyp) and retraction (RP, retracted polyp).  This map-view of the coral colony 
surface shows coenosteoid polyp arrangement, where polyp boundaries are distinct, separated by a inter-polyp 
region (C) called the coenosteum (skeletal structure) covered by the coenosarc (tissue component of this region; 
Stanley 2003).  Also apparent are the extended tentacles (T) that originate from the oral disk (OD), 
symmetrically encircling the mouth (M).  As shown, each mature polyp of O. faveolata is approximately 2mm 
in diameter.  The inset image (B) shows a horizontal view of the topography of an individual coral polyp.  
Orbicella sp. polyps are composed of radiating ridges running from the mouth region out toward the coenosarc, 
where the most prominent, highest points of elevation are called primary septa (P) and the lesser prominent 
“spokes”, running at lower elevation, are the secondary septa (S).  Some species exhibit a third class of septa, 
called tertiary, each classified according to size and prominence, adding complexity to the symmetry of the 
organism.   
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Figure 5. The coral organism is composed of colonial polyps situated atop a massive coral skeleton, composed 
of calcium carbonate in the form of the mineral aragonite. The yellow tissue layer schematic illustrates how 
ions are exchanged at the skeleton-tissue interface, the calicoblastic epithelium, a thin layer of inter-digitated 
cells.  The functional unit of the coral skeleton is the sclerite bundles of aragonite needles. Diagrams modified 
from Veron (2000; top) and Allemand et al. (2007; middle). 
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THE STATE-OF-THE-ART SYNTHESIS MODELS OF CORAL SKELETON 
PRECIPITATION 
Functional Anatomy and Terminology 
As previously mentioned, the Scleractinian coral animal is a composed of colonial 
polyps, forming a thin veneer of tissue (~2 mm thick) atop a massive aragonite skeleton.  The 
gross morphology of the CaCO3 mimics the morphology and structure of the polyp tissue (Fig. 5; 
Veron, 2000).  The skeletal analogue to the soft tissue polyp is the corallite, which is defined by 
the calyx (or calice), a cup-shaped feature, in which the living coral polyp is situated, defined 
spatially by the theca wall, and the bottom of the polyp tissue and the last formed dissepiment 
(Fig. 5). Dissepiments are sub-horizontal, somewhat arcuate “cross-bars” of skeleton that extend 
from the calyx walls inward toward the center of the calyx, and outward between the calices of 
neighboring polyps.  The dissepiments reach inward toward columella, which are irregularly 
shaped skeletal features associated with the mouth, and gastrodermal tissue therein.  As the 
colony grows outward, during linear extension, the polyp will move upward, vacating the lower 
regions of the calyx as it does so.  Once a region is vacated, a dissepiment begins to extend 
inward toward another dissepiment on the opposite thecal wall, or connecting with the columella 
in the center of the polyp.  An opposing hypothesis is that the dissepiments form at the base of 
the polyp tissue, after which the polyp pulls itself upward in a pre-determined increment, 
forming the fairly regular spacing between the dissepiments.  The exact timing and mechanisms 
of how the polyp physically moves upward with skeletal growth and the formation of 
dissepiments remains unknown, except that these two events are related in space and time.   
Septa are another key skeletal feature, that were described previously as radiation spokes, 
growing perpendicular to the axis of the theca wall, crossing from inside the calyx, and reaching 
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outward toward the coenosteum. The coenosteum is the skeleton formed under the coenosarc 
tissue, defined as the inter-polyp regions of the colonies.  As the septum cross the theca wall, it is 
re-named “costa” (from the Latin root cost- or costa- meaning ribs).  These form structures 
sometimes referred to as septa-costae.  The septa are important for several reasons.  They are the 
basis for many phylogenetic studies, where the symmetry, number, and microstructure of the 
septa or septa-costae are used to identify key branchings or groupings in the coral evolution 
(Knowlton and Budd, 2001; Roniewicz and Morycowa, 1993; Stanley 2000; Stanley et al. 2006; 
first proposed by Vaughn and Wells, 1943; Veron, 1995; Wells 1956).  The number and class of 
septa (primary, secondary, tertiary; this distinction is made primarily on size and length) have 
been used to identify coral genera and species in the fossil record, where the number of 
septa/corallite is measured and compared inter-specific studies (Knowlton and Budd, 2001; 
Knowlton et al., 1992; Weil and Knowlton, 1994).  Additionally, the apex of the septum is the 
site of the most rapid calcification, or the leading edge in linear extension (Carricart-Ganivet, 
2007; Cohen et al. 2003; Nortdruft and Webb; 2007).  These concepts are discussed in detail, 
later, as key topographical structures on the coral colony surface and sites of rapid calcification. 
Skeletal Microstructure 
The crystalline structure of the coral skeleton is arranged in tight bundles of aragonite 
needles, called sclerite bundles or sclerodermites.  The needles are blade-like in shape, and are 
sometimes referred to as fibers or crystallites.  These fibers are not simply aragonite crystals, but 
have incorporated the organic matrix, which causes the apexes of the fibers are aligned with the 
primary growth axis of the skeleton, pointing toward the soft tissue of the organisms.  
Mineralization is though to occur in cycles on the nano-meter scale, where layered growth 
patterns perpendicular to the linear extension occur on the scale of 5µm (Nortdruft and Webb 
 27 
2007).  The width of the fibers thickens and thins in bands on this same scale, indicating a cyclic 
mineralization pattern.  There are several competing theories describing the orientation and 
interaction of the sclerite bundles observed on the coral skeleton surface, and the zones of 
nucleation, where rapid accretion occurs.  Observable in thin section, beaded strings of organic 
material form the centers of calcification (COC), also termed the centers of rapid accretion 
(CRA; Stolarski, 2003; Hill 1941; Cuif et al. 1997; Nortdruft and Webb 2007). The original 
aragonite deposit occurring at the COC is called the trabeculae, a collection a needles radiating 
outward from the organic template.  Hill (1994) and Stolarski and colleagues (2003) describe 
simpler models where calcification begins in the COC and layers of needles continue to grow 
outward and thicken the skeleton, making skeletogenesis a roughly one-step process.  Cuif and 
coworkers (1997) have hypothesized two different two-step models, where (1) the trabeculae are 
either in alignment, and therefore continuous with the architecture of the subsequent thickening 
deposits, or  (2) the trabeculae precipitation is discontinuous with the thickening deposits, 
resulting in a layered model.   
 The structures of the thickening deposits, those that follow the precipitation of the 
trabeculae, exhibit an appearance similar to that of shingles, where bundles of crystalline fibers 
are overlapped. Although this is what we observe in Orbicella sp, this model is under debate, 
citing inter-specific variation and differences among coral genera in crystalline architecture 
above the nano-scale formation of aragonite fibers (Nortdruft and Webb 2007; Cuif et al. 1997; 
Stolarski, 2003).  
Systems Models of Skeletogenesis 
Extensive research has been directed toward defining the exact mechanisms, rate, and 
timing of coral skeletal growth.  Coral skeletogenesis literature is generally divided into two 
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approaches:  (1) it is considered from the biological perspective, where the coral organism’s 
physiology, structure, functions, and metabolism (i.e., feeding mode, nutrient availability, 
photosynthetic activity of zooxanthellae, mucus production, thermal stress, etc.), are studied and 
implicated as the major controllers of skeletal architecture and growth rate; and (2) 
skeletogenesis is approached by delineating the abiotic, the geochemical and physical parameters 
(i.e., light, SST, salinity, sedimentation rates, aragonite saturation state of ambient seawater, 
ionic activity of seawater, trace element incorporation, isotopic equilibrium of seawater and 
precipitating aragonite, etc.) that mediate aragonite crystal growth (the detailed effects of many 
of these parameters will be discussed in Chapter 3).  Isotopic analyses of coral skeletons are 
often conducted from the latter perspective, where, again, unexplained deviations from isotopic 
equilibrium with seawater is attributed to “vital effects” (or the gross biological influence on 
isotopic fractionation and composition of the precipitate), which are left undefined, but 
nonetheless acknowledged (another small sampling of the literature includes Cohen et al. 2001; 
Marshall 2002; Meibom et al. 2004; Rollion-Bard et al. 2003; Swart and Grottoli 2003; Swart et 
al. 1995; Wellington and Dunbar 1995; IPCC 2013). Many studies have focused on diurnal 
cycling of skeletogenesis, some citing faster calcification rates at night, and others claiming 
increased skeletogenesis during the day (for thorough reviews on this topic, see Cohen and 
McConnaughey, 2003, Allemand et al., 2004, and Holcomb et al. 2014).  However, it is 
unknown exactly what carbon and oxygen molecules are shuttled into the calcifying space for 
aragonite precipitation.  It is estimated that a little less than one-third of the carbonate molecules 
incorporated into the skeleton originate from respired CO2 (~28%, through isotope labeling 
Goreau, 1963) and it has also been observed that only 5-10% of skeletal carbon is derived 
through respiration (Adkins et al., 2003). However, the major steps and players in the coral’s 
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carbon cycle, what metabolites comprise the intermediate steps (e.g, nutrient capture, respiration, 
translocation (from host to symbiont), reverse translocation (from symbiont to host), 
photosynthesis, skeletogenesis) have not yet been delineated and so the proportions of carbon 
and oxygen sources and associated fractionation have not been specifically allocated as yet 
(Davy et al. 2012).  Each of these steps represents an opportunity for biological isotopic fraction 
of carbon and oxygen, as molecules are exchanged between coral organism, seawater, symbiotic 
zooxanthellae, and incorporated into the skeleton.   
It has been well documented that seawater and the coral skeleton are not in isotopic 
equilibrium and that isotopic depletion of both carbon and oxygen occurs due to vital effects as 
well as to the formation of carbonate molecules themselves, where the conversion of CO2 to 
CO3
2- intermediately and inorganically discriminates against and therefore further depletes 13C in 
the skeleton (e.g., Swart et al., 1995, 1996; Moses et al. 2005; Stanley and Swart 1995; Stanley 
2003, 2006; Marlier and O’Leary 1984). Because the carbon and oxygen molecules travel 
together throughout these chemical reactions (species equilibration in seawater, respiration, 
photosynthesis, and into the carbonate molecule) carbon and oxygen are simultaneously 
fractionated (Goreau, 1963; Marlier and O’Leary, 1984; and Adkins et al., 2003). Although the 
δ18O vs. temperature relationship is parallel to that of inorganically grown aragonitic crystals, the 
δ18O values are depleted in the heavy isotope, indicating some biological influence during kinetic 
fractionation of oxygen in seawater (Weber and Woodhead 1970, Fairbanks and Dodge 1979, 
Goreau 1977a).   The further elucidation of these vital effects is exactly the endeavor of this 
project, which targets the key steps in coral-zooxanthellae metabolism and skeletogenesis during 
which isotopic fractionation may occur (e.g., coral ingestion of carbon-rich mucus or microbiota, 
coral animal respiration, zooxanthellae usage of carbon dioxide for photosynthesis, the 
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production of sugars during photosynthesis, the shuttling of carbon dioxide across the 
calicoblastic epithelium, the formation of bicarbonate in the calcifying space or elsewhere, and 
the incorporation of carbon and oxygen in the crystalline structure of aragonite, to name only a 
few relevant waypoints within carbon and oxygen cycling in the system).  Summarily, it is 
unknown exactly which biochemical processes within the coral carbon cycle control the isotopic 
composition of the skeleton (whether it is coral animal respiration, photosynthesis, or the 
shuttling of molecules across the calicoblastic epithelium); but what is known is that the skeleton 
is depleted in both C13 and O18 relative to seawater and this signature is calibrated with a 
paleotemperature equation to extract climatological data (Swart, 1995; Meibom et al. 2005).   
Calcium availability, the non-rate limiting step and thusly a seemingly less important 
factor in coral skeletogenesis, does have geochemical and physiochemical implications for 
skeletogenesis models (Tambutte et al., 2007; Marshall and Clode, 2003).  Although the Ca-
ATPase pump has been studied through signal transduction inhibition studies identifying calcium 
concentration as the non-rate-limiting component, this trans-cellular pathway has not been 
studied from a geochemical standpoint. Strontium (Sr2+) is incorporated into aragonite in the 
place of calcium, more so that into calcite, where the larger ion shows a sterochemical affinity 
for the open crystal structure of aragonitic (orthorhombic) needles than the tighter configuration 
of hexagonal calcite crystals (Kinsman and Holland, 1969; Huang and Fairchild, 2001).  Sr/Ca 
ratios have been used as paleothermometers with great precision (McCullough et al. 1994).   Sr 
and Ca both enter the calcifying space through active transport (via the Ca-ATPase enzyme and 
pump) and through the diffusion of seawater into the calcifying space through the capture and 
released by vacuoles (Erez, 2003).  The Ca-ATPase enzyme preferentially binds to calcium, 
depleting the Sr/Ca ratio of the calcifying fluid (Yu and Inesi, 1995).  Also of great interest is 
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that Sr/Ca ratio decreases with distance away from the centers of calcification, hypothesized to 
be a function of the discrimination of the light-active Ca-ATPase pump that promotes Ca-
enrichment of the skeleton during activation (Cohen and McConnaughey, 2003). However, Sr/Ca 
of the centers of calcification, from which the skeleton radiates and grows, is very close to that of 
surrounding seawater, an indication of the geochemistry of the medium in from which aragonite 
precipitates.  The Sr/Ca fractionation exhibits a linear relationship with temperature; although the 
degree of depletion varies amongst species, the Sr/Ca versus Temperature profiles are parallel or 
sub-parallel to that of inorganically grown aragonite. It is yet to be determined exactly how and 
to what degree the Ca-ATPase shuttling mechanism affects the Sr/Ca (or analogously, the 
Ca/Mg) ratios within coral skeleton because of the variation in the Sr-depletion between species 
and within an individual over time.   These are of interest for both paleothermometry calculations 
and for mineralogical implications over geological time (calcite vs. aragonite seas – 
mineralogical control through coral biological response to different ocean geochemical 
parameters?).  
There are few multi-disciplinary studies that consider both the abiotic and biotic 
environments equally important, as this study does (Allemand et al., 2004).   Regardless, there 
are many working models of coral skeletogenesis offered in coral literature, spanning the spatial 
scale from angstroms (point of nucleation) to micrometers (micro-structural growth bands in 
aragonite fibers) to kilometers (Great Barrier Reef; Andersson and Mackenzie, 2004; Cuif et al. 
1997; Cuif and Dauphin 2005; Reitner, 2005), but the exact mechanisms and key parameters 
have yet to be fully explored.   
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Figure 6.  This scanning electron microscope (SEM) photomicrograph of aragonite fibers comprising the 
thickening, or second-stage, deposits of the Orbicella sp. thecal wall.  The fibers exhibit a pattern of thickening 
and thinning within the blade-like needle structure of the aragonite crystals.   
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SUMMARY OF CONTRIBUTIONS  
This study was designed to address the major gaps in knowledge in coral skeletogenesis 
literature from the perspectives of paleoclimatology, coral reef ecosystems biology, coral-
zooxanthellae physiology, and carbonate sedimentology.  Density banding in coral skeletons are 
easily observable and ubiquitous in many Scleractinian corals throughout geologic time, and 
serve as chronometers for geochemical studies.  The experimental design of the study aimed to 
test our central hypothesis by first, quantitatively defining density bands in Orbicella sp. Next, 
we identified key cellular and physiological components that we hypothesized were among the 
major players in aragonite precipitation: (1) coral mucus and organic matrix, as the organic 
template upon which aragonite precipitates (2) zooxanthellae, major carbon contributors, likely 
affecting the composition of the organic matrix and availability of carbon for skeletal growth; (3) 
chromatophores,  cells expressing a fluorescent compound in coral host cells that interferes with 
the irradiance reaching the underlying zooxanthellae; (4) carbonic anhydrase, an enzyme 
facilitating the dehydration of carbon dioxide to bicarbonate, a more useable form of carbon for 
aragonite precipitation; and (5) calmodulin; a membrane-bound calcium binding protein, targeted 
to track the availability of calcium.  The density of aragonite found in both high- and low-density 
bands were then quantified over varying light conditions spanning a 15m bathymetric gradient, 
across 3 coral reef facies (the back reef, reef crest, and fore reef slope).  This experimental design 
tested our central hypothesis that coral skeletal density bands record sub-seasonal changes in the 
biological environment (coral-zooxanthellae symbiosis) that are cued by the abiotic environment 
(i.e., light and temperature changes).  The goal of the study is to contribute a more unifying 
model of skeletogenesis that can be applied to future paleoclimatological studies, coral 
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evolutionary research, the understanding of the coral-algal symbiotic relationship, and emphasize 
the ecological importance of these keystone species of Earth’s shallow water oceans.  
 Conclusions from this study evidence the plastic and responsive nature of the coral 
holobiont system. Results show that although corals are sensitive to small environmental 
changes, they are capable of physiologically responding to ensure survival and growth.  
Additionally, the density of aragonite in high- and low-density bands significantly changes 
across a small change in water depth (7m), offering spatially and temporally predictive 
capabilities in the fossil record.  All together, we conclude that the coral undergoes a sub-annual 
physiological change across a seasonal 3°C SST and across a 7m change in water depth (and 
related light attenuation through the seawater column).  We further conclude that this 
physiological change is recorded in the coral skeleton, offering a season- or month-scale 
temporal resolution to future paleoclimatological studies. We contribute a step forward in the 
calibration of the geochemical signatures of coral skeletons through geologic time, by offering a 
quantitative model of coral response to small changes in temperature and light conditions.     
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CHAPTER 2:  Coral regulation of the cellular density of photo-protective 
chromatophores and endosymbiotic zooxanthellae enables eco-phenotypic 
plasticity in the reef-building corals Orbicella annularis and Orbicella 
faveolata 
 
 
ABSTRACT 
The inter-relationship and co-evolution of the Caribbean reef building corals Orbicella annularis 
and Orbicella  faveolata and their photosynthesizing dinoflagellate endosymbionts (zooxanthallae) is 
essential to coral survival of environmental stressors. Results from this study indicate that the 
Caribbean stony star corals, O. annularis and O. faveolata are able to deploy aggressive (albeit 
carbon-costly) physiochemical strategies to optimize the light utilization of their endosymbiotic 
zooxanthellae; the host photo-protective capabilities are not only multi-pronged, but also highly 
sensitive and specific to the organisms’ exact location in the water column. Although found only 
seven meters shallower, on the back reef, O. annularis expresses a three-fold increase in the ratio of 
chromatophores to zooxanthellae in comparison to O. faveolata  on the reef crest.  It is the accurate 
description of these strategies that may explain how a plastic endosymbiosis permits survival 
through major environmental stress, if the endosymbiont metabolism can be protected and 
optimized.  .  Results establish fundamentally new insights regarding: (1) coral polyp tissue morphology; 
(2) the three-dimensional distribution and abundance of chromatophore (granular FPs found in host 
tissue) and zooxanthellae cells within coral tissue; (3) the ensuing optimization of light harvesting; and 
(4) the resultant carbon pool available during skeletogensis. Interpretations of these results offer new 
insights into the highly specific co-evolutionary processes and environmental sensitivity of these two reef 
framework Caribbean corals. We propose a new conceptual model of trophic plasticity, carbon cycling, 
and resulting coral skeleton biomineralization as the coral-symbiont system continually adapts to 
changing environmental conditions over time. 
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INTRODUCTION 
Nature’s earliest experiments in biological evolution were undertaken by ancient proto-
cellular life forms, called the progenote, which arose during the Archean as a result of mutually 
beneficial cooperation (symbiosis) rather than competition (Woese and Fox 1977; Pace et al. 
2012). The development of these intimate symbiotic relationships was fostered by the ongoing 
practical need for progenote life to rapidly and successfully adapt to ever shifting physical and 
geochemical gradients within the environment. Formerly it had been thought that the emergence 
of complex biological structures, such as cytoplasm in Eukarya, was a rare event that took place 
geologically recently as a result of a eukaryotic cell “engulfing” a more primitive bacterial cell 
(the process of endosymbiosis; Wernegreen 2004). However, based on molecular analyses of the 
structure and composition of the ribosome, it is now evident that Bacteria, Archaea and Eukarya 
are ancient lineages that arose separately and simultaneously. Therefore, endosymbiosis is more 
accurately viewed as a commonly occurring and ancient aboriginal trait that is still evolving on 
the modern Earth to define the linkage between genotype with phenotype (Woese and Fox 1977; 
Pace et al. 2012). Yet despite the evolutionary success and ubiquity of endosymbiosis, relatively 
little is known of the mechanisms by which Eukarya endosymbiosis has operated since the dawn 
of metazoan life with skeletons at the Cambrian Explosion 542 Ma before present (Wernegreen 
2004, Stanley 2002, Budd et al. 1997).  
 
The question now stands as to specifically how endosymbiosis operates to control ecophenotypic 
plasticity and aid in the adaptive evolutionary survival of keystone organisms in the marine 
environment such as corals (Budd 1997). This requires a quantitative understanding of the 
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adaptive advantage of endosymbiosis between algal-like photosynthetic endosymbionts, called 
zooxanthellae, and their host tropical marine corals. Zooxanthellae directly aid in a coral host’s 
ability to mediate the flux of its carbon pool (Dubinsky 1994; Muscatine 1969; Davies 1984; 
Stanley 2006; Stanley and van de Schootbrugge 2009, Stanley 2006). In turn, this strongly 
influences the rate, composition, and structure of the coral skeletal (Anthony and Fabricius 
2005). It has been hypothesized that the onset of coral-zooxanthellae endosymbiosis permitted 
the sudden appearance, abundance and phylogenetic diversity of the Scleractinian corals in the 
geological record (Stanley and Swart 1995).  However, it is also possible that this symbiosis 
began well before the appearance of the Triassic coral skeletons, and allowed Paleozoic corals to 
survive the Permian-Triassic mass extinction event (Stanley 2003; 2006; Stanley and Swart 
1995; Budd 1997). It is this endosymbiotic relationship that has allowed stony corals to: (1) 
survive throughout the Phanerozoic;  (2) thrive in otherwise nutrient-poor marine ecosystem that 
have been common in shallow water tropical seas throughout Earth history; (3) persist in a 
trophically plastic feeding mode; and (4) have the reef ecosystems they construct serve as a 
breeding ground for a majority of modern day marine fish.  Furthermore, each Orbicella colony 
is in and of itself a complex interactive assemblage of the coral animal itself, symbiotic 
zooxanthellae, coral mucus and coral microbes, called the coral holobiont (Johnston and Rowher 
2008). The coral-zooxanthellae endosymbiosis is therefore an exemplar of the evolutionary 
advantage of advanced cooperation and the explanation for how corals have become “fit best” to 
their demanding oligotrophic shallow tropical marine environment.  
This research correlates the expression, abundance and function of the host-cell 
chromatophores and the expression and abundance of the symbiotic zooxanthellae over an 
increase in water depth, as well as the changes in expression of mucus in the coral tissue and 
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zooxanthellae densities over a seasonal change in SST. Results are interpreted as a proxy for the 
timing, mechanism, and importance of endosymbiosis in coral phylogeny. We propose that this 
endosymbiotic relationship instigates and enables light-optimization and skeletal growth 
strategies, as well as trophic plasticity (shifting feeding strategies from autotrophy to 
heterotrophy) of the coral animal, all of which are vital for survival during climatological 
fluctuation on time scales ranging from days to millennia (Fitt and Warner 1995, Stanley 2002, 
Anthony and Fabricius 2000, Muscatine 1984, Schwartz 2008).  
 
MATERIALS AND METHODS 
Geobiological Setting 
The southern Caribbean island of Curaçao, which recently became independent from the 
Netherlands Antilles, lies approximately 65 km north of Venezuela within the east-west trending 
Aruba-La Blanquilla archipelago (Fig. 7). The 70 km-long southern coast of Curaçao contains a 
continuous modern fringing coral reef tract that has experienced rapid Neogene uplift along the 
contact of the Caribbean and South American crustal plates to form a well-preserved sequence of 
Miocene through Holocene fossilized coral reef limestone deposits (Fouke et al. 1996; Buisonje 
1974; Vermunt and Rutten 1931; Klaver 1987). Mean annual SST on Curaçao varies ~3oC 
annually, ranging from a minimum of 26°C in late January to a maximum of 29°C in early 
September, with a mean annual temperature of 27.5ºC  0.5ºC (NOAA SST data, 2000-2010). The 
modern fringing reef ecosystems of Curaçao provide an especially well-suited natural laboratory 
for the SCUBA-based experimentation utilized in this study because: (1) the reefs have been 
studied and monitored for more than half a century, during which time an intensive literature base 
established on the composition, structure and biodiversity of Curaçao reefs (van Veghel 1994; van 
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Duyl 1985); (2) the leeward reef tract has been an underwater national park since 1955 (van Duyl 
1985; Bak et al. 1980); (3) the Curaçao shallow marine shelves are narrow, thus the reef crest and 
shelf break environments of the fringing reef system are only 200-500 m from shore (van Veghel 
1994; Bak et al. 1980); (4) nearly the entire Curaçao fringing reef system is therefore accessible 
via “easy entrance” shore-based dive sites and thus boat diving is not required; and (5) the 
Caribbean Marine Biodiversity Laboratory (CARMABI; formerly called the Caribbean Marine 
Biological Institute has been in existence since 1955 and has provided the research base for the 
present study.  
 
Sample Site and Coral Species 
The coral reef at Playa Kalki (12°22’31.63”N, 69°09’29.62”W) near the northwestern tip 
of Curaçao (Fig. 7) was chosen for this study because it has been previously well studied and the 
marine ecosystem there is bathed in fresh non-polluted seawater (Frias-Lopez et al. 2001; Frias-
Lopez et al. 2002a, b; Klaus et al. 2007). A unidirectional SE-NW offshore current moves along 
the leeward coast of Curaçao that is strongly environmentally impacted by sewage effluent and 
storm runoff from the densely populated municipal, industrial and military seaport of Willemstad 
that surrounds St. Annabaai (Fig. 7). These factors directly influence photosynthetically active 
radiation (PAR sunlight) and the coral’s uptake of sewage-derived compounds as recorded by the 
15N of the coral tissue (Klaus et al. 2007). As the current continues to flow to the northwest 
along the remaining length of the island, the marine environment exhibits: (1) systematic 
decreases in the extent of seawater pollution; (2) changes in coral mucus composition; (3) 
alteration in the composition of bacterial communities inhabiting the coral tissues; and (4) the 
photosynthetic activity of the endosymbiotic zooxanthellae. By the time that the currents reach 
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Playa Kalki, the seawater has been mixed and diluted and returned to its original normal marine 
and non-impacted biogeochemical composition (Klaus et al. 2007). 
 
 
Figure 7. The island of Curacao is situated in the southern Caribbean Sea, approximately 40km North of 
Venezuela. The leeward coast of Curacao provides some 70km of accessible fringing reef tract, and still boasts 
pristine water conditions along the Northwest tip of the island, at the sample site, Playa Kalki. Modified from 
Fouke (1996). 
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Figure 8. Bathymetric profile showing coral reef facies.  Sampled facies included the back reef, reef crest, and 
fore reef slope.  Orbicella annularis is constrained primarily to the Back Reef depositional environment, and 
was sampled in ~5m water depth (WD), O. faveolata to the Reef Crest, and sampled in ~ 12m WD, and O. 
franksii to the Fore Reef Slope, and sampled in ~20m WD.   
 
Orbicella Species Complex and Depositional Environments  
 
The two closely related Scleractinian coral species Orbicella annularis and O. faveolata 
(Fig. 8) were chosen for experimentation and analysis in this study because: (1) they are common 
reef framework builders throughout the Caribbean Sea (van Veghel, 1994; Carricart-Ganivet 
2002) (2) ecological, physiological and evolutionary relationships have been previously well 
studied (Salih et al. 2000); (3) each species exhibits distinctly different and non-overlapping 
bathymetric distributions on the reef tract with respect to the shelf break (van Duhyl 1985; 
Fukami et al. 2004); and (4) the genome for O. faveolata has been completed (Schwartz et. Al. 
2008; Desalvo et al. 2008)), which will permit future studies of gene expression to be completed 
in the context of the results of the present study. The field-based experimental design of the 
present study was to determine the effects of seasonal fluctuations in SST on the density of 
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zooxanthellae, mucocyte and chromatophore cells within the tissues of O. annularis and O. 
faveolata.  
 Sampling occurred in two contextual modes: 1) sampling of two distinct but 
closely related primary reef-building species, O. faveolata and O. annularis (Fig. 7; Fig. 8) 
spanning a vertical bathymetric transect, characterizing two distinct coral reef facies - the back 
reef and reef crest facies (Wilson, 1975; Flugel, 1987).  Coral reef depositional facies are defined 
as the limestone rock units formed as a result of the physical, chemical and biological parameters 
present in the marine environment at the time of formation (Wilson, 1975). The primary 
physiographic feature on a fringing coral reef is the shelf break, where a dramatic change in the 
slope of the reef occurs as the seafloor plunges downward toward the deep ocean basin (Wilson 
1975). The shelf break defines the boundary between the landward back reef environment and 
the seaward fore reef slope, each of which experiences distinct environmental parameters 
(Wilson 1975, Flugel 2004). This study sampled O. annularis in the back reef environment 
(facies) at 5 to 10 m WD, and O. faveolata colonies in the reef crest environment (facies) at 10 to 
20 m WD (Fig. 8; Fig. 9). 
Orbicella annularis, O. faveolata, and M. franksi are the three species that compose the 
“Orbicella species complex.”  These three species were once considered morphotypes on one 
species, O. annularis, until studies emerged demonstrating distinct differences in other 
characteristics such as behavior, microstructure of the skeleton, geochemistry, and growth rate, 
that corresponded with the different colony morphologies (e.g., Knowlton et al. 1992, 1997; van 
Veghel and Bak 1993; Wallace and Willis 1994; Veron 1995; Lopez et al. 1999). Eventually, the 
sympatric morphotypes were considered distinct species, occupying neighboring or overlapping 
ecological niches.  The hermaphroditic Orbicella complex on Curaçao does exhibit 
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indistinguishable timing of reproduction, where gametes are released en masse into the seawater 
6 to 8 days following a full moon in August or September, during seasonal maximums of SST, 
although O. annularis spawns for a longer period of time (van Veghel and Bak 1993; Mendes 
and Woodley, 2002; Sanchez et al. 1999).  Orbicella zygotes are dispersed through ocean 
currents until settling occurs, where tiny (~1mm) spawn can remain sessile for up to one year 
before significantly increasing in size.  The mechanisms of hybridization, co-evolution, and 
reproductive isolation amongst the species is still an area of intense research with many 
remaining questions (e.g., how does the lunar cycle cue the release of gametes? to what degree 
does temperature (or other environmental factors, such as rainfall (Mendes and Woodley, 2002) 
influence the timing or success? What prevents two Orbicella species from interbreeding and to 
what extent is this prevented?). 
O. annularis was identified by the columnar overall colony morphology, with a bulbous 
upper portion that housed the living tissue of the polyps (classification and identification 
according to Weil and Knowlton, 1994).  The lower basal regions of the colony are largely 
vacated of living tissue, leaving the living region, a hemi-spherical colony.  Coloration aided in 
identification, where O. annularis exhibits largely a golden-yellow with a blue-ish tinge across 
the smooth surface of the colony.  O. annularis polyps are 2.29mm ±.15mm in diameter (across 
the skeletal calyx), with 24 ± 1 septa, radiating as spokes around the mouth (Weil and Knowlton 
1994).  O. annularis has been found to be geochemically distinct from O. faveolata, in both δ13C 
and δ18O values, relative to the PDB-1 standard (Knowlton et al. 1992).  Knowlton et al. reported 
in Science Magazine that O. annularis exhibits a δ13C value of -2.4 ± 0.3 per mil and a δ18O 
value of -4.6 ± 0.2 per mil, which are slightly depleted relative to the δ13C value of -2.0 ± 0.6 per 
mil and a δ18O value of -4.1 ± 0.3 per mil found in bulk sampling of O. faveolata (It is interesting 
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to note that in this 1992 paper, O. annularis  and O. faveolata are referred to as morphotype-1 
and morphotype-2 respectively). 
 O. faveolata was identified by the massive colony morphology, with platy-basalar 
regions fanning and flattening out at the edges of many colonies, and distinct longitudinal ridges 
(as opposed to irregularly spaced protuberances, as observed in M. franksi).  It has been observed 
that O. faveolata, among other species, become increasingly flattened and platy as WD increases 
(presumably to maximize surface areal exposure to sunlight), exhibiting the observable 
phenotypic plasticity that once grouped these species as one.  O. faveolata individual polyps are 
not statistically significantly larger than O. annularis, according to Weil and Knowlton, but they 
are an average of .10 mm larger in diameter (2.39mm± .15mm), and also exhibit 24 septa.  Polyp 
spacing is approximately 1.85mm for both O. annularis and O. faveolata (Weil and Knowlton, 
1994).    
Photosynthetically active radiation (PAR) was measured at Playa Kalki as 33-36% PAR 
at 5m water depth (WD), and 18-22% PAR at 10m WD (Klaus et al. 2007). Therefore, 
apparently healthy colonies were sampled in January 2010, between the 7th and 10th day of the 
month, when the SST (within 5m of the surface) was 26°C.  All sampling dives were completed 
between the hours of 09:00 and 14:30 (GMT/UTC – 4:00 hour).   
 Temperature was measured at 30cm WD and at sampling depth, near the face of the 
coral colony, in triplicate during each dive using a standard Fisher alcohol glass thermometer 
protected in a PVC housing, as well as a temperature probe built into a Genesis ReACT dive 
calculator. Both thermometer and the dive calculator probe were checked for accuracy by 
comparison with readings from an Oaktron Waterproof Series 300 meter combination electrode 
probe calibrated with Fisher pH buffers of 4.0, 7.0 and 10.0. 
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SCUBA Collection of Coral Tissue-Skeleton Biopsies 
A 2.5 cm diameter coral tissue and skeleton core biopsy was collected with a cleaned 
C.S. Osborne & Company arch punch No. 149 (http://www.csosborne.com).  Three core biopsies 
were sampled on standard SCUBA dives with gloved hands from each of three individual coral 
colonies of both O. annularis and O. faveolata at water depths (WD) of 5m and 12m, 
respectively. Each biopsy sample was immediately placed in a 50 ml polypropylene centrifuge 
tube at depth, sealed and returned to the surface. Immediately upon reaching the surface (on 
average 30 minutes in duration), the seawater was decanted from each centrifuge tube and the 
core biopsies were then immersed and storied in the histological fixative Formalin (volumetric 
mixtures of nine parts ethanol to one part 37% formaldehyde) until further analysis.  
 
 
Figure 9. Orbicella faveolata (A, scale bar 40cm) and O. annularis (B, scale bar 25cm; photos by K. Kwast) are 
primary reef-framework building corals, situated on the primarily on the Reef Crest, and the Back Reef, 
respectively (A, B, field photograph of in situ colonies). The functional unit of a coral colony is a polyp, where 
one individual polyp is genetically identical to the next (scale bar 2mm).  
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Figure 10.  The functional unit of a coral colony is a polyp, where one individual polyp is genetically identical 
to the next (scale bar 2mm; photo by K. Kwast).  This field photograph of in situ polyps shows all stages of 
polyp extension and retraction.  The coral animal is composed of three tissue layers, the ectoderm, gastroderm, 
and a layer of connective tissue between them.  A photosynthetic endosymbiont, a dinoflagellate called 
zooxanthellae, is housed in the gastroderm and can contribute up to 100% of the coral’s daily metabolic 
requirements through photosynthesis.   
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Integrated Microscopy Analyses 
A suite of microscopy techniques was employed to target and characterize cellular and 
molecular components of the coral tissue-skeleton biopsies. These included application and 
development of: (1) three-dimensional (3D) two-photon (TP) confocal laser scanning microscope 
(LSM) imaging, and (2) serial block face imaging (SBFI). Both of these analytical techniques are 
described in the following. 
 
SBFI: Digital Elevation Mapping (DEM) of Polyps 
Individual O. faveolata polyps selected for digital elevation mapping (DEM; Fig. 11; Fig. 
12) were decalcified with 5mM EDTA, rinsed in MilliQ water for 24 hours and then stored in 
70% EtOH at 4C.  After decalcification, the tissue was dehydrated through a series of 
abbreviated washes in ethanol and xylenes and infiltrated with paraffin wax (Leica ASP 300 
Tissue Processor, Leica Microsystems, Bannockburn, IL). The infiltrated biopsy was 
subsequently trimmed with a sterile scalpel and oriented with oral cavity upright and secured the 
ectoderm of the base of the polyp to a plastic processing cassette (Surgipath Medical Industries 
Inc., Richmond, IL) via slightly cooled paraffin. The base of each of the polyps was gently 
pressed against the cassette, while the paraffin cooled and adhered each polyp to the cassette, to 
ensure that all were vertically aligned with one another.  The polyps were then embedded in an 
opaque red wax (include what it has and composition) to decrease reflected fluorescence 
surrounding the embedded polyp tissues during imaging as described here.  The embedded tissue 
was then mounted facing a Zeiss Stereolumar v12 Stereomicroscope (1.5x Objective), allowing 
fluorescence microscopy and imaging with 2-µm spatial resolution.   
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The block was sectioned in 1µm steps and imaged after each section, resulting in thousands 
of sections taken through the entirety of each polyp.  Imaris image analysis software compiled the 
~2500 images, digitally reconstructed the polyp, and performed 3-D digital rendering of the 
surface topography.  The details of the surface topography and interior structure could then be 
observed and measured with a spatial resolution of 2 µm, providing the required high-resolution 
2-D and 3-D spatial context for the measurements and observations made in this study.  This 
technique was developed explicitly for this project adapted from the whole animal SBFI and is the 
first to supply a 3-D digital reconstruction of the soft coral tissue of an entire polyp.   
 
 
 
 
Figure 11. A digital elevation map (D) produced by manual tomography of a demineralized coral polyp (A).  
Serial Block Face Imaging (SBFI) is done by sectioning the polyp (embedded in red paraffin wax) in one-micron 
increments (b), imaging the polyp after each one-micron section is removed (B, C), resulting in over 2,000 
images as the entire depth of the polyp (2-3mm) is sectioned and imaged.  The images are then compiled and 
processed with image analysis software (Imaris 5.0) to produce a three dimensional digital rendering of the 
polyp (D, E).  This process allows the analysis of the cellular and molecular components in the spatial and 
physiological context of an entire coral polyp.  This technique of manual tomography followed by fluorescence 
imaging was developed and specifically for this study. 
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TP-LSM: Two-Photon Laser Scanning Microscopy 
Formalin-fixed samples were stored in 70% EtOH, gently washed with EtOH to remove 
surface debris from coral polyps, and placed tissue-down in sample mount for TP-LSM.  
Multiphoton Confocal Zeiss 710 Microscope with Spectraphysics Mai Tai Ti- sapphire laser was 
utilized for laser microscopy, and ZEN 2010 software was utilized for hardware control 
interface. Acquisition was conducted with a 10x objective (resulting in 0.83µm/pixel resolution); 
zoom setting at 2, scanning speed of 9, and line averaging of 4.  Ten-micron z-stack intervals 
were chosen to optimize imaging of over two millimeters, where images were collected ~0.5 
millimeters steps, bracketing images exhibiting fluorescent expression with tissue and images 
completely devoid of fluorescence.  Emission spectra were collected using both 405nm UV and 
780nm LSM excitation, to observe any changes in fluorescent excitation and emission of coral 
host FPs and zooxanthellae; emissions were collected spanning the entire visible light spectrum 
(419nm-722nm at 10 nm intervals).  Images were then qualitatively analyzed using Axiovision 
4.8.10 image analysis software.   
The implementation and development of novel microscopy techniques reaching the outer 
bounds of biotechnology allow for both qualitative and quantitative characterization of this 
endosymbiotic relationship that is fundamental to coral reef survival and evolution.  Until 
recently, coral tissue could only be observed through two-dimensional microscopy and histology, 
which involves highly invasive manipulation as well as total maceration of tissue. Still today, 
most zooxanthellae counts and FP-concentrations are obtained using these techniques and 
indirect calculations, whereas this approach can deliver actual volumetric densities and 
abundances that can be directly observed in a high-resolution three-dimensional object that is the 
imaged coral polyp.  Two-dimensional standard techniques limit the quantity and quality of the 
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data that can used to describe the complex system that is the coral holobiont.  This new 
acquisition of data revolutionizes the specificity with which the cellular and molecular 
components are contextualized in the coral animal.  
 
TP-LSM and Quantitative Image Analysis 
Formalin-fixed samples were stored in 70% EtOH, gently washed with EtOH to remove 
surface debris from coral polyps, and placed tissue-down in sample mount for TP-LSM.  
Multiphoton Confocal Zeiss 710 Microscope with Spectraphysics Mai Tai Ti- sapphire laser was 
utilized for laser microscopy, and ZEN 2010 software was utilized for hardware control 
interface. Acquisition was conducted with a 10x objective (resulting in 0.83µm/pixel resolution); 
zoom setting at 2, scanning speed of 9, and line averaging of 4.  Ten-micron z-stack intervals 
were chosen to optimize imaging of over two millimeters, where images were collected ~0.5 
millimeters steps, bracketing images exhibiting fluorescent expression with tissue and images 
completely devoid of fluorescence.  Emission spectra were collected using both 405nm UV and 
780nm LSM excitation, to observe any changes in fluorescent excitation and emission of coral 
host fluorescent protein and zooxanthellae, emissions were collected spanning the entire visible 
light spectrum (419nm-722nm at 10 nm intervals; Fig.15; Heikal et al. 2000, Jeffrey and Haxo 
1968, Tsien 1998, Zimmer 2002).  Images were then quantitatively analyzed using Axiovision 
4.8.10 image analysis software (Fig.16-19).  
 The map-view of each three-dimensionally imaged polyp was divided into separate septa 
in Axiovision, where the expression of zooxanthellae and chromatophores cells could then be 
quantified.  The number of pixels exhibiting the threshold fluorescence intensity expressed by 
either zooxanthellae or chromatophores were quantified resulting in an area (µm2) occupied by 
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the targeted cell (Fig. 6). The area of expression was then normalized to the area of each primary 
or secondary septum for comparison between cells.  The ultimate result is a ratio of the area 
occupied by the target cell to the total area of the septum in which they were expressed.  These 
unitless ratios could then be compared qualitatively and statistically across septa and across 
species (Fig. 20).  
 
RESULTS 
Coral Anatomy 
Results from this study offer the first high-resolution three-dimensional characterization 
of cellular and molecular components of an entire polyp from a primary reef building coral. First, 
the shape, morphology and structure of O. annularis and O. faveolata was established for proper 
species identification and sampling.  O. annularis is primarily constrained to the Back Reef 
environment (Fig. 9), exhibiting a rounded columnar colony morphology that gave way to a 
bulbous and mounding boulder morphology in the larger colonies, but usually stemming from a 
base much smaller in circumference than the bulbous upper latitudes of the colony. This species 
exhibits light tan or yellowish coenosarcal coloration, giving way to a blue tint in the mouth 
region of the polyp. O. faveolata, abundant on the Reef Crest, is found as mounded boulder 
corals, reaching colony sizes much larger than O. annularis in Curaçao (estimated 3m versus 
1.5m in diameter, respectively).  O. faveolata was observed to begin to flatten out in a plated 
structure on the bottom regions of the colonies, as WD increased.  This has been hypothesized as 
evidence for intra-specific phenotypic plasticity, where the colony morphology flattens and fans 
out to capture more light at deeper water depths (Van Veghel 1994).  The colony morphology of 
O. faveolata can vary widely, from a nearly spherical boulder coral to a completely flattened, 
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stepping plate-like morphology in regions where the Reef Crest is in much deeper water (on 
Curaçao’s windward coast, this flattened morphology dominates the Reef Crest in 35m WD; 
personal observation during planning and development SCUBA dives). O. faveolata is usually 
easily identified amongst the Orbicella species complex because of its distinct tissue coloration: 
brown or dark brown coenosarc that is punctuated by bright, fluorescent green mouths of the 
polyps.   
Field macro-photography, serial block face imaging, and TP-LSM imaging of retracted 
polyps of O. annularis and O. faveolata exhibit previously un-described stacked lobate tissue 
morphologies radiating outward from the oral disk (Figs. 10, 12, 13). Lobes are stacked three-
dimensionally, with topmost extruding lobe covering the very top of the exsert septa, and the 
lowest lobes of each polyp joining with the coenosarc between polyps. 
 
Coral Cellular Physiology 
Results from this study offer the first high-resolution three-dimensional characterization 
of cellular and molecular components of an entire polyp from a primary reef building coral.  The 
implementation and development of novel microscopy techniques reaching the outer bounds of 
biotechnology allow for both qualitative and quantitative characterization of this endosymbiotic 
relationship that is fundamental to coral reef survival and evolution.  Until recently, coral tissue 
could only be observed through two-dimensional microscopy and histology, which involves 
highly invasive manipulation as well as total maceration of tissue (Fig. 11). Still today, most 
zooxanthellae counts and FP-concentrations are obtained using these techniques and indirect 
calculations, whereas this approach can deliver actual volumetric densities and abundances that 
can be directly observed in a high-resolution three-dimensional object that is the imaged coral 
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polyp.  Two-dimensional standard techniques limit the quantity and quality of the data that can 
used to describe the complex system that is the coral holobiont.  This new acquisition of data 
revolutionizes the specificity with which the cellular and molecular components are 
contextualized in the coral animal.  
 
3D Distribution and Spectral Analysis of GFP-like Fluorescent Compound within 
Chromatophores of Orbicella sp. from 5m and 12m WD 
Analysis of the TP-LSM images showed that the shallow water Orbicella sp., O. 
annularis, exhibited widely distributed granular chromatophores in the oral ectodermal layer of 
tissue overlying the zooxanthellae residing in the gastroderm below. The GFP-like compound 
within chromatophores was most highly concentrated in the uppermost lobes, at the polyp 
topographical highs but more uniformly distributed across the lower lobes and the coenosarc 
(Fig. 13).  In spectral analysis, the GFP-like-compound exhibited an emission peak at 
approximately 490nm in the shallow water Orbicella sp. (Fig. 14).  
Conversely, the deeper water representative, O. faveolata, expressed far fewer 
chromatophores, where the granular texture of the cells was less distinct. The chromatophores 
were still confined to the ectodermal layer with an emission peak at approximately 480nm.   
Additionally, the GFP-like compound was observed to be most highly concentrated in the 
retracted tentacle tips and oral disk, with a comparatively weak expression in the oral ectoderm 
overlying the gastrodermal zooxanthellae.   
Lastly, a major difference in excitation occurred between the shallow water and the 
deeper water Orbicella sp. when the spectral analyses were carried out at the wavelengths 405nm 
(representative of UV-A/blue light) and 780nm (excitation by red light of the laser, which excites 
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across the visible light spectrum).  The shallow water coral’s chromatophores were excited to 
fluorescence by the LSM 710 laser (125% relative intensity), whereas the deeper water O. 
faveolata chromatophores showed no emission peak, but a weak signal (~20% relative intensity) 
spanning the visible spectrum (Fig. 14).  When chromatophores were subjected to UV-A/blue 
light excitation (405nm), the shallow water species, O. annularis, exhibited a similar emission 
spectrum to that of the 780nm excitation (emission peak remaining at ~ 490nm) but at a lower 
relative intensity (~70% for 405nm versus ~135% for 780nm). In contrast, the deeper water coral 
exhibited a change in the emission spectrum, showing an emission peak at 480nm (relative 
intensity ~70%).  Basically, the degree of chromatophore excitation by red light decreased with 
water depth, where UV-A/blue light excited the GFP-like compound in the deeper water coral 
more intensely than did the visible red light, which excited the GFP-like compounds to a much 
higher intensity in the shallow water coral.  
 
3-D Distribution of Zooxanthellae and Spectral Analysis of their Auto-Fluorescence  
Orbicella sp. exhibit similar distribution and the localization of the zooxanthellae 
endosymbiont, where they are widely distributed in the gastrodermal layer from the oral disk to 
the coenosarc, but found in highest concentration in the lower elevation regions of the coral 
polyp, the coenosarc and the secondary/tertiary septa.  There is a marked decrease in the number 
of zooxanthellae found in the uppermost lobes of the primary septa, rendering those regions 
virtually devoid of zooxanthellae.  Additionally, the emission peak remained at ~ 670 nm for 
both 5m and 12m WD representatives.  However, the intensity of fluorescence emission of the 
deeper water coral zooxanthellae exhibited upwards of a 50% increase in the relative intensity of 
fluorescing zooxanthellae.   
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Figure 12.  (Above) Three-dimensional Imaging of Whole Coral Polyps.  (A) Image rendered from TP-LSM 
acquisition were compiled into three-dimensional objects that could be analyzed to characterize the three-
dimensional distribution and abundance of sun screening chromatophores (green) and zooxanthellae (red;   
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(Fig. 12 contd.) scale bar 250ums). These observations can now be made in the spatial context of an entire polyp 
or even a collection of polyps comprising a coral colony. (B) The distribution with respect to different axes of 
the polyp can also be evaluated Serial block face imaging (SBFI) of decalcified O. annularis polyp, after 
infiltration with paraffin wax, and embedment in opaque red wax (scale bar 1mm). Polyps were sectioned and 
autofluorescence was stereoscopically imaged in one-micron intervals in the z-direction (from the top of the 
polyp to the bottom), through the entirety of coral tissue.  This is a novel technique, developed specifically for 
this project, and shows polyp morphology in 1µm resolution in the Z-direction, and 5µm resolution in the X-Y 
direction. 
 
 
 
Figure 13. TP-LSM imaging of Orbicella annularis showing the un-decalcified and un-processed tissue that is 
then imaged and optically sectioned during microscopy.  Two fluorescent wavelengths previously identified in 
Chapter 02 were collected, here, red and green colors, producing a three dimensionally imaged coral polyp.  
The targeted cellular components (green = chromatophore expressed by the coral animal; red = endosymbiotic 
zooxanthellae) can then be evaluated for abundance, density and co-localization.  Polyp diameter is 
approximately 2.5 mm.  
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Figure 14.  Two-Photon Laser Scanning Microscopy Produces Three-Dimensional Cellular and Molecular 
Characterization of Two Reef-Building Species. These images of three-dimensional distribution of the 
fluorescent components of Orbicella sp., O. annularis found in 5m WD and O. faveolata found in 12m WD, show 
the plastic light-optimizing strategy of the host coral (Green, fluorescent pigments in host cell chromatophores) 
and the underlying zooxanthellae (Red, zooxanthellae auto-fluorescence) in response to only 7m WD increase. 
This drastic change in light-harvesting or photo-protective strategies is expressed over a very small change in 
water depth (0-10m water depth difference in inhabited ecological niches), marking these corals as sensitive 
sentinels of environmental conditions and variations.   
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Figure 15.  Spectral Analyses of O.annularis and O faveolata tissue using both UV-A/blue light excitation  
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(Figure 15 contd.; 405nm) and laser excitation (780nm). Spectral analyses of coral tissue yielded the following 
observations shown in this figure:  (1) two distinct fluorescent peaks were identified when chromatophores 
(~490nm) and zooxanthellae (~670nm) were individually analyzed; (2) chromatophores were shown to be 
primarily confined to the ectoderm and zooxanthellae in the gastroderm; (3) confirmed a much weaker 
expression chromatophores in the ectoderm of in deeper water; (4) a difference in the peak intensities and peak 
shapes of the fluorescing components, where zooxanthellae fluoresce at a slightly shifted wavelength and at 
higher intensities in deeper water; and (5) O. annularis showed similar emissions spectra in response to both 
UV and laser excitation, but O. faveolata showed a drastic drop in the fluorescent intensities emitted through 
laser excitation when compared to UV excitation.  
 
Colocalization and Covariation of Chromatophores and Zooxanthellae 
The ectodermal chromatophores are consistently restricted to the tissue overlying the 
gastrodermal zooxanthellae, regardless of water depth in this experiment.  However, the degree 
of co-localization does vary with water depth.  In shallower water, chromatophores are found 
widely distributed across polyp surface topography but most highly concentrated in the 
uppermost lobes of primary septa in the shallow water coral, where zooxanthellae are found in 
the fewest number.  This can be characterized as a negative co-localization with respect to the 
highest concentrations of chromatophores and zooxanthellae, despite the additional generally 
positive co-variation in the distribution of the components on the whole.  The deeper water coral 
expresses chromatophores most highly concentrated in the retracted tentacle tips and the oral 
disk, with less intensely fluorescent chromatophores more ubiquitously distributed across the 
ectodermal polyp tissue; this distribution positively co-varies with the distribution and 
concentration of zooxanthellae – a contrast to the shallower water species.   
The above qualitative observations are supported by the quantitative image analysis of 
TP-LSM three-dimensional images of representative O. annularis and O. faveolata polyps, 
which yielded the following results: (1) The shallower water coral, O. annularis, exhibited an 
expression of chromatophores that was 138% of the volume occupied by zooxanthellae 
((2,000,000 µms3 chromatophores/(1,446,530 µms3 zooxanthellae)*100%); (2) the deeper water 
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coral, O. faveolata, confirmed the less abundant coverage by chromatophores and FPs, which 
constituted 44% the coverage of that of zooxanthellae (855,566 µms3 chromatophores/(1,941,880 
µms3 zooxanthellae)*100%). 
Also of note, no fluorescence at any wavelength was detected deeper in the polyp than 
the gastrodermal tissue of the coenosarc, restricting these light-interactive components to 
approximately the top 800-1000 microns of coral tissue. 
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      3D Confocal Images of O. annularis (5m WD) 
 
Quantitative Volumetric Image Analysis 
Figure 16.  Volumetric Spot Count Analysis of Three-Dimensional Confocal Image of shallow-water O. annularis.  
Through quantitative image analysis of these three-dimensional images, the two fluorescent components, the 
chromatophores (Green) and zooxanthellae (Red) can be selected and labeled by the image analysis software, 
resulting in a total volume of each component.  Images highlight the distribution of chromatophores, where they 
are highly concentrated in the tentacle tips and cover the septal tissue and oral disk in lower concentrations.  
Quantitative image analysis supported the qualitative observations that this shallow-water representative 
exhibits much more extensive coverage of both host tissue and zooxanthellae by protective chromatophores.    
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3D Confocal Images of O. faveolata (12m WD) Quantitative Volumetric Image Analysis 
Figure 17.  Volumetric Spot Count Analysis of Three-Dimensional Confocal Image of deeper water O. 
faveolata.  Through quantitative image analysis of these three-dimensional images, the two fluorescent 
components, the chromatophores (Green) and zooxanthellae (Red) can be selected and labeled by the image 
analysis software, resulting in a total volume of each component.  Images highlight the distribution of 
chromatophores, where they are highly concentrated in the tentacle tips and cover the septal tissue and oral 
disk in lower concentrations.   
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Figure 18.  High-resolution Confocal TPLSM Images.   Three-dimensional high-resolution imaging shows 
lobate structures of O. annularis (A,C) and O. faveolata (B,D).  (A) O. annularis exhibits bright clustered and 
granular chromatophores overlaying zooxanthellae in the gastrodermal layer, and concentrated near the 
mouth on the points of highest elevation (scale bar 50ums). (B) There is a clear contrast between these closely-
related species, where there is an obviously diminished, although still persistent, abundance of photoprotective 
chromatophores in O. faveolata, sampled in 12m WD (scale bar 50ums).  (C) O. annularis imaged with assigned 
coloration of green chromatophores and red zooxanthellae (scale bar 100ums). (D) O. faveolata image showing 
assigned coloring of targeted cells (scale bar 100ums).  Zooxanthellae in hospite in these Orbicella spp. both 
express high densities in the coenosarc region, and much lower abundances in the uppermost lobes of the septa.  
Additionally, the FPs found in the O. faveolata, although still in the ectoderm, do not appear granular in 
texture, and most intensely fluoresce at the tentacle tips near the mouth.   
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Statistically Significant Changes Found in Expression of Host-Cell Chromatophores and 
Endosymbiotic Zooxanthellae 
Samples collected in January 2010, when SST was measured at 26.0ºC (0.03), in 5m 
water depth (WD) at Playa Kalki exhibited the mean area of tissue composed by 
chromatophores, normalized to the tissue area [(Area)cell/(Area)tot = relative abundance] of each 
primary septum (of higher topographical elevation than secondary septa by approximately 0.5 - 
1.0 millimeters), was significantly higher (0.426587 0.046435, mean  standard error) than 
those in secondary septa at 5m WD (0.260281 0.019517; Fig. 20). The area occupied by 
chromatophores in the deeper water constituent, in 12mWD, exhibited the opposite trend, where 
primary septa displayed significantly fewer chromatophores (0.0437270.003301) than 
secondary septa (0.1253380.019506).   
The area occupied by zooxanthellae endosymbionts in the primary septa of the shallow 
water constituent, in 5mWD (0.1820250.054193), displayed significantly fewer zooxanthellae 
than secondary septa at the same WD (0.4856860.042851).  Similarly, at 12mWD, the density 
of zooxanthellae in primary septa tissue was significantly lower (0.1380000.015920) than the 
number of zooxanthellae of the secondary septa (0.4314340.038111). So, both corals expressed 
more zooxanthellae in their secondary septa regions than in their primary septa regions, over less 
than a millimeter’s change in WD.   
Next, the abundance of chromatophores was compared across bathymetry, in the spatial 
context of primary of secondary septa.  Chromatophores expressed in primary septa in 5mWD 
were significantly higher in number (0.426587 0.046435) than those in the primary septa of the 
12m WD treatment (0.0437270.003301; Fig. 20).  The same followed in the measurement of 
area occupied by chromatophores in the secondary septa, where more were exhibited in the 
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shallow water coral than in deeper water (0.260281 0.019517 and 0.1253380.019506, 
respectively). These results have quantified an overall decrease in the number of host cell 
chromatophores as water depth increases, and over the facies transition from the Back Reef 
across the Reef Crest.  
The relative abundance of zooxanthellae was compared similarly, finding no significant 
difference between the area occupied by zooxanthellae in the primary septa of the 5mWD and at 
12mWD (0.1820250.054193 and 0.1380000.015920, respectively; Fig. 20).  However, a 
statistically significantly fewer in zooxanthellae were measured in the secondary septa of the 5m 
WD coral samples (0.4856860.042851) than the number expressed in the 12m WD 
(0.4314340.038111).  This dataset indicates an increase in the number of zooxanthellae housed 
in host cell tissue as water depth also increases.   
 
Statistical Analysis 
Three statistical analyses were performed to test for statistically significant changes and 
correlations between the chromatophore and zooxanthellae relative abundance measured. First, 
the data set that includes the variables depth, lobe type, cell type and relative abundance (RA) 
was analyzed.  Second, the data set including depth (although only at one level), cell type and 
RA was analyzed.  Lastly, these two data sets were combined into one data set that included the 
variables depth, cell type and RA. Results are presented in Figure 20.   
   Of note is that even though depth was a continuous variable, it was treated as a factor 
variable because there were only two unique values (5m and 12m).  This was done because there 
is no way to validate a linear (or other type of) relationship between the response variable RA 
and depth with only two distinct values.  Although the output from this original parametric 
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ANOVA analysis cannot be formally accepted due to the non-parametric nature of the dataset, 
we can apply the following findings: the p-values for all the interaction terms were extremely 
small (ranging from 5e-4 to 2.6e-9), indicating that what is important is the combinations of 
these three independent variables (i.e., each combination of depth, lobe type, and cell type has its 
own mean RA).  Therefore it is reasonable to consider eight groups (2 depths x 2 lobe types x 2 
cell types = 8 groups).  This now is equivalent to a one-way (nonparametric) ANOVA with eight 
groups.   
   Pairwise differences were evaluated using the Kruskal-Wallis nonparametric rank sum 
test.  Each pair of combinations were tested to see significant differences.  The mean estimates 
and the significant pairwise differences for each combination or comparison (i.e., zooxanthellae 
on primary septa in 5mWD versus zooxanthellae on primary septa in 12m WD).  Each group was 
analyzed for statistically significant differences in relative abundance using this method.  This 
led to 21 tests.  To account for the multiple testing, the significance level needs to be adjusted. 
Type I error is the probability of rejecting our null hypothesis when in fact the null hypothesis is 
true.  Hence, to adjust for this our significance level is divided by the number of tests performed.  
This is extremely conservative, but guaranteed to control overall type I error. Two datasets were 
considered to have statistically significantly different means if the p-value for their pairwise 
Kruskal-Wallis test was less than 0.1/21=0.00476.  This adjustment is referred to as the 
Bonferroni correction. 
 Statistically significant changes in relative abundance were found in all eight groups, 
except the pairwise comparison between the zooxanthellae found in the primary septa of the 5m 
and 12m WD treatments.  
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Figure 19. Quantitative Image Analysis shows how the cellular and molecular components were selected in 
anatomical regions of the coral polyps and the area occupied by these cells was calculated and normalized the 
area of the anatomical region, here a primary and secondary septal lobe.   
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Figure 20. The mean values and standard error of the normalized relative abundances are presented in this 
series of graphs. Relative Abundance is a ratio of the area occupied by the target cell (zooxanthellae or 
chromatophore) normalized over the region in which it was measured (primary septum or secondary septum).  
These abundances are a description of the changes in cell densities expressed in coral tissue over a 7m change 
in water depth (WD). *Asterisk indicates no statistically significant change in relative abundance between the 
zooxanthellae quantifications on the primary septa in 5m WD and zooxanthellae on the primary septa in 12m 
WD.  This is the only dataset that did not differ significantly, according to the conservative Kruskal-Wallis test. 
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Quantitative Image Analysis of Calmodulin, Carbonic Anhydrase, Zooxanthellae, and Mucus  
Samples collected in May 2008, when SST was measured at 27.0ºC (0.03), in 12 m 
water depth (WD) at Playa Kalki exhibited the mean area of tissue composed by zooxanthellae, 
normalized to the tissue area of each polyp, was significantly lower (0.04864 0.006617, mean  
standard error than samples collected in March 2008 (0.093490913 0.002867384), when SST 
was measured at 26.0 ºC (0.03ºC; Fig. 21 from Hill M.Sc. Thesis, 2010). The area occupied by 
mucus exhibited a similar trend, where May 2008 samples displayed significantly less mucus 
(0.053960.003308) than March 2008 samples (0.091040.006225).  The mucus quantified for 
this study included two localizations of mucus that have not been previously distinguished.  
Endodermal mucus was observed in close association with zooxanthellae cells in the oral and 
aboral endoderm.  Mucus was also observed lining the region of the decalcified septa, bounded 
by calicoblastic epithelium.  Mucus from the oral ectoderm was excluded from these 
quantifications. Next, the abundance of calmodulin in coral tissue showed no statistical 
difference between sample sets (0.040930.01095 in March and 0.054610.01121 in May 2008).  
Calmodulin was localized primarily in the granulocytes within the oral gastroderm, as well as 
less-concentrated dispersal in the oral ectoderm.  Lastly, the expression of carbonic anhydrase 
increased significantly during warmer months, changing from 0.27350.007082 at 26.0ºC in 
March to 0.39250.08283 with a SST of 27ºC during May. CA was localized in the calicoblastic 
epithelium, but was also expressed in the coelenteron-facing border of the oral endoderm.   
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Figure 21: Quantitative Analyses of Cellular and Molecular Components of O. faveolata Tissue presented in 
Hill Miller 2010 M.Sc. Thesis  Results of the tissue analysis at 800ums tissue depth of cellular and molecular 
components indicate that there is a biological response to changes in seasonal SST:  (1) the abundance of 
zooxanthellae decreased; (2) the overall abundance of the mucus associated the gastroderm and calicoblastic 
epithelium decreased; (3) the abundance of calmodulin did not change significantly; and (4) the amount of 
carbonic anhydrase increased as SST increased.  All abundances were normalized to the tissue area of each 
polyp, and error bars represent the standard error for each analysis. 
  
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Zoox Mucus Calmodulin Carbonic
Anhydrase
Warm
Cold
 78 
DISCUSSION 
Evolutionary context of coral endosymbiosis 
One of Earth’s earliest biological and evolutionary experiments was that of cooperation, 
or symbiosis, the close association of two organisms. One of the three domains of life, Eukarya, 
was arguably formed through the evolutionary success of endosymbiosis, where a symbiotic 
relationship is solidified through permanent or semi-permanent physical proximity, where one 
organism (the host) houses the second (the endosymbiont), and each mutually benefits from this 
arrangement, often resulting in a new combined capability for the organisms.  Eukaryotes 
harvested the abilities of (1) photosynthesis via chloroplast, one of two primary forms of energy 
production in Earth’s biosphere, and (2) the conversion of glucose, in the presence of oxygen, to 
ATP/ADP, the major currency of cellular energy, via mitochondria, through the acquisition of 
organelles that likely arose through endosymbiosis. Despite the inherent uncertainty ushered by 
the passage of billions of years of time, the origin of the organelles chloroplast and mitochondria 
is thought to have arisen through the phagocytosis, endosymbiosis, or serial endosymbiosis of 
photosynthetic cyanobacteria-derived plastids (likely the intracellular mutualism between 
cyanobacteria and a protist), and an intracellular parasitic -Proteobacteria (molecular data 
shows the closest relative of mitochondria is the genus Rickettsia), respectively (Wernegreen 
2004). Organelle status is reached once genetic material from the endosymbiont and host cell are 
exchanged, usually resulting in major gene loss by the endosymbiont but the inclusion of key 
genes in the host nuclear genome.  These prime examples of the evolutionary importance of 
endosymbiosis have reached the ultimate integrative relationship with the host, not only 
functional and physical integration, but genetic integration, and thusly, the relationship 
perpetuates through vertical transmission from one generation to the next.   
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 In light of the success and ubiquity of the cooperative approach that is endosymbiosis, 
perhaps it is more accurate to say evolution is a function of the “survival of those who are fit 
best”, rather than “survival of the fittest.”  The major questions in evolutionary biology implore 
us to decipher the timing and mechanisms of (1) the emergence of life on Earth and (2) the 
survival of lineages through major periods of ecological perturbation and disturbance (before, 
during, or following mass extinction events). Answers evidenced in the fossil record are often in 
conflict with molecular calibration, which can be in further conflict with high-resolution 
morphological comparisons (i.e. microstructural comparison of skeletal precipitation).  Intensive 
study of modern-day processes is relied upon heavily to further our insight into the mechanisms 
of evolution.   
It is within these conceptual parameters that the results of this study inform. This study 
offers a new look at a crucial endosymbiotic relationship, relevant to both understanding the 
dawn of Metazoan life contemporaneous with the Cambrian Explosion, and to predicting the 
plasticity and survival of a key ecological organism: the endosymbiosis of coral organism and 
it’s algal-like photosynthetic endosymbionts, called zooxanthellae.  It is this relationship that has 
allowed Scleractinian corals to (1) survive since the Middle Triassic (exact origin unknown); (2) 
thrive in an otherwise nutrient-poor ecosystem that pervades Earth’s shallow water tropical seas; 
(3) persist in a trophically plastic feeding mode, and (4) protect, feed, and provide a breeding 
ground for a vast majority (upwards of 80%) of marine life.  The coral-zooxanthellae 
endosymbiosis exemplifies the advantage of advanced cooperation in evolution, and have 
become “fit best” in their environment.  
Following Earth’s greatest mass extinction event after the Permian-Triassic meteor 
impact (P-T; approximately 251 million years ago, marking the end of the Paleozoic Era), there 
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is a 14 million year global absence of skeletonized corals in the fossil record, marking a major 
gap in coral phylogeny, until the extant Order Scleractinia (hard corals secreting a calcium 
carbonate skeleton) erupted in the fossil record in great diversity and advanced integration within 
coral colonies (where cooperating individuals on a coral colony are thought to indicate maturity 
of a phylogenetic line). The phylogeny of these modern corals remains uncertain due to the 
effects of diagenesis, the post- or syn-depositional physical, chemical or biological alteration of 
the aragonitic skeleton, as well as the likely ancestors possessing no skeleton in their early 
evolutionary history, inhibiting accurate representation in the fossil record. There are many 
hypotheses, with varying degrees of supporting evidence, to explain this incredible explosion of 
hard corals in the Mid-Triassic tropical Tethys Ocean, one suggesting that soft corals either arose 
or persisted, and eventually differentiated, during the extended period of global disturbance 
following the P-T boundary.  Molecular studies suggest a polyphyletic ancestry of the Order 
Scleractinia, extending into this period and not unconscionably into the Paleozoic.  Is it possible 
the coral-zooxanthellae endosymbiosis allowed soft corals to survive during an environmentally 
stressful period, when ocean geochemical parameters did not allow the precipitation of the 
skeletal support that is employed in the Mid-Triassic to modern Scleractinians.  Additionally, an 
extreme anoxia, resulting from large-scale ocean turnover, is thought to have pervaded Earth’s 
seas during this crucial period of attempted recovery (Stanley 2003; Stanley and Swart 2006). 
This begs the following questions: what environmental conditions allowed the survival of these 
antecedent soft corals, and secondly, what changes in ocean geochemistry subsequently 
encouraged the precipitation of the skeleton? Is it possible the endosymbiosis arose out in 
response to the anoxic stress on emerging or surviving corals? 
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 Support for these hypotheses are found in recent literature that has begun to 
combine both phenotypic analyses of fossilized and modern corals with the molecular 
phylogenetic techniques pioneered by Carl Woese in 1977. New studies of the microstructure of 
coral skeletons are being considered in the context of molecular analysis of the phylogeny of 
stony corals (Romano, 1996).  New evidence suggests a possible monophyletic or polyphyletic 
ancestry that spans the Permian-Triassic Extinction Event, extending Scleractinian evolutionary 
history into the Paleozoic (Cuif 1977, 1980, 2010, Stanley 2003; Stanley and Swart 1995).    The 
results and hypotheses offered above not only support the idea that the order Scleractinia may 
have survived the P-T Extinction Event, but also offers a mechanism for survival during the 
14Ma hiatus in the fossil record.   
 
Mechanisms of Coral Endosymbiosis 
These questions can be addressed only by fully elucidating the mechanisms, abiotic and 
biotic, that govern the skeletogenesis of modern Scleractinians, a complicated feedback system 
that has not been decrypted.  The endosymbiotic relationship of corals and the photosynthetic 
dinoflagellates aids in coral host mediation of its carbon pool, which ultimately controls the rate, 
composition, and configuration of skeletal precipitation (Muscatine et al. 1984; Anthony and 
Fabricius 2005). It is hypothesized that the onset of the symbiosis is what allowed and catalyzed 
the sudden appearance, abundance, and diversity of the Scleractinians corals, where the 
endosymbiotic relationship is thought to have allowed this evolutionary success (Stanley 2002; 
Stanley and Swart 1995).  However, it is also possible that this symbiosis began well before the 
appearance of the Triassic coral skeletons, and allowed the coral animal to survive and 
differentiate even during a time of severe stress and ecological turbulence that was Earth post P-
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T impact.  It may very well have been the zooxanthellae carbon contribution that then 
biochemically positioned the coral organism to secrete a hard skeleton as soon as the ocean’s 
geochemical parameters allowed. Speaking to the survival strategies permitted by the 
endosymbiosis, this study reveals key components in the feedback between the host and 
endosymbiont.   
Specifically, this study indicates that major reef-building corals (here, the Caribbean 
stony star corals, Orbicella annularis and Orbicella faveolata) are able to deploy aggressive (and 
carbon-costly) physiochemical strategies to optimize the light utilization of their endosymbiotic 
zooxanthellae; the host photo-protective capabilities are not only multi-pronged, but also highly 
sensitive and specific to the organisms’ exact location in the water column. It is the accurate 
description of these strategies that may explain how a plastic endosymbiosis permits survival 
through major environmental stress, if only the endosymbiont metabolism can be protected and 
optimized.   
 
Coral Host Evolution of Photo-protection of Zooxanthellae Symbiont from Harmful Solar 
Radiation 
The observed differing arrangement of coral fluorescing chromatophore cells of the 
ectoderm overlying the gastrodermal zooxanthellae in O. annularis and O. faveolata suggest a 
photo-protective strategy on the part of the host (Salih 2000). This strategy specifically optimizes 
the carbon expenditure on the part of the host by increasing chromatophore photo-protection in 
shallower water and higher levels of potentially damaging solar radiation, but then decreasing the 
expression in deeper water, as radiation is attenuated. Because the fluorescent pigments are more 
highly concentrated in shallower water, it is inferred that the irradiative stress in the 0-10m WD 
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may be more damaging to the symbiont and coral host tissue at these depths than to the 10-20m 
WD inhabitants.  We hypothesize then that chromatophores in the ectoderm are a highly specific 
protective strategy evolved from the necessity to protect the photosynthetic zooxanthellae from 
harmful radiation in shallower waters, and that adequate UV-protection for both the coral and the 
zooxanthellae can be achieved through this cooperative endosymbiotic development, while 
maximizing light exposure to drive zooxanthellae photosynthesis.  This hypothesis has been 
tested by the exhibition of a three-fold increase in the chromatophore to zooxanthellae ratio in 
the tissue of corals found in only seven meters shallower water. 
 Overexposure to solar radiation can cause damage to coral host tissue and zooxanthellae 
organelles through several processes: (1) direct photochemical reactions damage DNA via 
thymine dimerization, instigated primarily by UV-B light (280-315nm); and (2) photodynamic 
production of reactive oxygen species (ROS) such as singlet oxygen (1O2) and superoxide 
radicals (O2
*-), largely induced by UV-A light (315-400nm) and photo-saturation causing 
oxidative stress; (3) photosystem II activity is photo-inhibited; and (4) UV overexposure 
damages zooxanthellae, evidenced by the vacuolization of chloroplasts and destruction of the 
chloroplast membrane, exact mechanism is unknown (Salih 2000; Lesser 1997, 2000; Lesser and 
Schick 1989).  
This injurious physiological state may have selected for a coral-host that could 
adequately protect itself and its symbiont from the damaging effect of irradiative overexposure. 
Photoprotection has evolved in chloroplasts to counter-act these harmful effects, including, but 
not limited to thermal dissipation, cyclic electron transport, photorespiration, and ROS 
elimination systems. The coral organism has evolved to support a large energetic expenditure in 
this endeavor.  First, the production of a ‘sunscreen’, composed of mycosporin-like amino acids 
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(MAAs) in the ectoderm, provides protection from UV-B (ca. 280-320nm; Salih 2000; Salih et 
al. 1997a).  MAAs have been identified in O. faveolata tissue and shown to decrease in 
abundance in deeper water, decreasing w a change of only meters in water depth ((Dunlap and 
Schick 1998, Dunlap 1986).  Previous studies have demonstrated that the coral host has 
increased the abundance of protective MAAs in higher-light conditions. Some species are even 
capable of responding to changing light conditions by correspondingly altering the amount of 
MAAs expressed in the ectoderm of coral tissue (Salih 2000; Salih et al. 1997a). These 
compounds are not however UV-A inhibitory, affecting only light with a wavelength shorter than 
350nm (Dunlap and Schick 1998; Jeffrey 1968).  
Results from this study indicate that the coral animal has developed further photo-
protective mechanisms to optimize photosynthesis and thusly stabilize an ‘autotrophic’ nutritive 
source of carbon.  The absorption spectrum of the chromatophores’ granular FPs peaks around 
405nm, at the transitional wavelength between UV-A and blue light, both high energy radiation, 
re-emitting fluorescent light at a longer, less energetic wavelength blue-green light, reducing the 
amount of UV-A/blue light reaching both the coral tissue layers and the photosynthetic 
zooxanthellae.  These analyses indicate an ultra-efficient light-optimization strategy, 
complimentarily spanning UV-B and UV-A wavelengths (and UV-C filtered by ozone), where 
the damaging overexposure to solar radiation is attenuated by the host coral, regulating 
zooxanthellae light exposure in the photosynthetically active range, presumably at great 
metabolic cost.  The data indicate that zooxanthellae, too, adapt to the attenuated PAR in deeper 
water by increasing the intensity of fluorescence emission corresponding to the chlorophyll-a 
emission spectrum, peaking at approximately 670nm, and by increasing concentration of the 
chlorophyll-a itself. Conversely, the increase in intensity of chlorophyll-a excitation may be 
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directly linked to the decrease in the ‘screening’ effect of overlying FPs, where intensity of 
chlorophyll-a excitation has been shown to decrease when screened by overlying photo-
inhibitory proteins (Smith 2013).  
Additionally, the mechanism by which GFPs fluoresce must be considered, when 
discussing protection and carbon and oxygen cycling strategies in the coral holobiont. The 
chromophore of GPF-like proteins is protected within an 11-strand Beta-barrel structure of the 
protein, and will only fluoresce if it is properly folded into the Beta-barrel structure, where 
stereo-conformational changes affect fluorescent capability.  GFPs fluoresce via a complex 
reaction after photo-activation.  Photo-activation initiates decarboxylation of a glutamic acid 
residue in the GFP. The residue’s protonation is altered and changes the conformation of the 
residue’s threonine compound.  With this change, the residue can hydrogen-bond to the phenolic 
oxygen of the chromophore. Once threonine and oxygen bond, the phenol goes from neutral to 
anionic, causing the fluorescent emission as it returns to its lower energy state.  This entire 
autocatalytic cycling of threonine-serine-glutamate (or other amino acid triplet) relies on 
oxygenation, while contributing a carbon dioxide molecule to the collective carbon pool. FPs 
may reduce oxidative stress if the fluorescing reaction alters the pool and species of oxygen in 
coral tissue (Matz et al 1999; Lesser 1996, 1997, 2000, and 2010).  FPs also produce carbon 
dioxide in this fluorescing reaction, which could be sequestered in the calcium carbonate 
skeleton or utilized by zooxanthellae for photosynthesis.  Thusly, the FPs not only affect 
photosynthesis and respiration rates in the endosymbiont, but calcification and tolerance to 
thermal and irradiance stress in both host and endosymbiont.   
An alternative hypothesis offers that chromatophores may regulate the cell-division rate 
of the underlying zooxanthellae.  Wang and colleagues suggest that the wavelength and intensity 
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of light reaching the zooxanthellae may effect the reproduction rate and cell cycle progression 
rather than only the indirect effect of light on the photosynthetic activity of zooxanthellae in 
hospite.  Reproduction rates of zooxanthellae in hospite are up to an order of magnitude slower 
than those measured in vitro (Wang et al., 2008).  This is to say that the presence of 
chromatophores may have an additional function, regulating the reproductive cycle of the 
zooxanthellae, optimize the cell densities of zooxanthellae in host tissue.   
In summary, the light-optimization strategy employed by the coral and symbiont is to 
reduce photo-inhibition, a capability facilitated by both the host and zooxanthellae, resulting in a 
functionally integrative symbiosis that renders the zooxanthellae and coral host evolutionarily 
inextricable.   
 
Enhancement of Light-harvesting by Coral Polyp Lobate Morphology in Orbicella sp. 
The physical structure of the coral animal takes a form and subsequently a function 
similar to that of a plant: the maximization of surface area to volume ratio augments exposure to 
light for photosynthesis, in this case for the zooxanthellae. This is evidenced by the three-
dimensional confocal microscopy of a full, unperturbed polyp observed in great detail, revealing 
the highly folded lobate morphology.  The concentricity and folding of the lobes seem to 
increase the surface area of the tissue; more specific functions may include the following: (1) 
spatial compensation through skeletal extension (outward skeletal extension) and tissue 
thickening; (2) enhancement of mucus production and fortification of the coral surface mucus 
layer due to the larger volume and surface area of the folded and tiered tissue; and (3) 
maximization of surface area over which to assimilate dissolved organic matter (DOM) from 
seawater, a tertiary nutrient-capture capability.  
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The distribution of zooxanthellae and chromatophores correlates with the structure of the 
lobes at both water depths, and follows a specific pattern in the spatial context of the primary and 
secondary septa, corresponding lobe tissue, and coenosarc of each corallite. For optimal 
photosynthesis to occur, it is expected that zooxanthellae would be distributed in areas that ideal 
intensities of light are likely to reach.  When considering (1) the low numbers of zooxanthellae in 
the uppermost lobes of the primary septa; (2) the decreased numbers of zooxanthellae in the 
uppermost lobes of the secondary septa; and (3) the highly concentrated zooxanthellae in the 
lower lobes and coenosarc regions farthest from the mouth, it would be logical to suggest that 
light-collection must be optimal in the lower lobes and coenosarc. However, it is also logical to 
suggest that, in a retracted polyp, the areas collecting the highest light intensity would 
presumably be the highest elevations, over the exsert septa (the highest topographical points, 
covered by the uppermost tissue lobes).   
Because this seems to contradict the observed zooxanthellae distribution, three possible 
explanations can be proposed from the study. First, this distribution of zooxanthellae may be 
explained through the observation that both these species are diurnal heterotrophic feeders. This 
is generally uncommon, with most coral species heterotrophically feed at night and 
phototrophically/autotrophically feed during the day.  Both O. faveolata and O. annularis, extend 
tentacles during the day, protruding from near the mouth and extending above the areas of 
highest elevation. In this, the coral may self-shade, when the tentacles around the oral disk shade 
the top lobes, but not the lower lobes and coenosarc during heterotrophic diurnal feeding. The 
uppermost lobes therefore may not reach optimal irradiance levels.  This suggests that nocturnal 
feeders exhibit the opposite distribution of zooxanthellae where the highest elevation areas 
would be highly concentrated with zooxanthellae.  Tentacle extension is expected to provide 
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self-shading during the primary function of the tentacle, which is feeding - but shading may be a 
secondary function of the tentacles, as only the primary septa, the regions of highest elevation, 
express this lack of zooxanthellae.   
Secondly, the lack of zooxanthellae in the uppermost tissue, covering the exsert septa, 
may be a consequence of skeletogenesis.  It is at this topographical location, the exsert septa, that 
enhanced skeletal extension occurs, where this negative co-localization of chromatophores and 
zooxanthellae is also observed. The tips of Acropora sp. have also been observed to be devoid of 
zooxanthellae, and are also highly concentrated in fluorescent proteins as observed here in 
Orbicella sp.  If the chemical micro-environment is engineered toward maximum essential 
skeletogenesis but is thusly rendered chemically unfavorable to zooxanthellae metabolism, it 
may be advantageous for zooxanthellae to relocate to regions of a more hospitable biochemical 
composition. We propose this ‘relocation’ as a secondary or reactionary evolutionary antidote to 
these proposed effects of enhanced skeletogenesis, succeeding the development and distribution 
of chromatophores, in a concession to host metabolic needs.  
Thirdly, it is possible that the tissue over the exsert septa receives excessive irradiation 
due to its height, and is thus rendered uninhabitable for the zooxanthellae specific to each 
species.  This does, however, suggest that these zooxanthellae are so sensitive that 1-2mm of 
water depth impacts their ability to photosynthesize, and there are no previous observations to 
support this hypothesis.  When considered in the context of the observation that the 
chromatophores of O. annularis, the shallower-water inhabitant, are most concentrated on these 
areas devoid of zooxanthellae, it must be considered that this could be a remnant of the co-
evolution where it was advantageous to have photo-inhibitive capabilities on these areas of high 
light, where zooxanthellae could be expected to obtain the most light for photosynthesis. 
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Zooxanthellae have then further evolved and could have re-located to areas of lower light 
intensity. 
   
Benefits of Endosymbiosis Outweigh the Energetic Costs 
The explosion of Scleractinian corals in the Mid-Triassic fossil record is evidenced by the 
discovery of myriad skeletal fossils. The fossil record demonstrates highly integrated colonies 
that are widely diverse and differentiated (Stanley 2002). This variety and complexity requires a 
phylogenetic and environmental explanation of the controllers of coral skeletogenesis because of 
its seeming suddenness and appearance at such a turbulent and difficult time for survival. 
Because the exact mechanism of Scleractinian coral skeletal precipitation has yet to be 
determined, this is a moving target for researchers.  However, previous work by this group has 
indicated that the coral animal is the primary controller of the rate of calcification, but influenced 
by environmental parameters. As such, the coral animal had to have successfully evolved a 
mechanism to produce its skeleton, rather than the aragonite skeleton abiotically precipitating out 
of seawater under the appropriate ocean geochemistry, but out of their direct control. 
 One of the major questions in coral phylogeny is: when and in what environment did 
endosymbiosis develop?  Because the zooxanthellae are not genetically integrated and vertically 
transferred amongst generations, molecular data cannot yet inform this question. It has been 
hypothesized that the development of the skeleton coincides with the onset of coral-
zooxanthellae symbiosis, based on isotopic analysis of particularly well-preserved Triassic 
Scleractinians.  We hypothesize that the endosymbiotic experiment could have been run much 
sooner to solve a more immediate problem: survival in an oligotrophic, nutrient-poor 
environment.  Directly preceding the Mid-Triassic is the aforementioned 14 million year span of 
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presumed perturbation and ecological disturbance, where enormous periodic anoxic events are 
hypothesized to have plagued the Tethys Sea in which the Scleractinians emerged.  Under this 
assumption, it likely would be difficult for a sessile heterotrophic organism to secure a stable 
nutritive source during this period.  Additionally, if ocean anoxia was prevalent, this offers an 
obvious instigator for the coral-zooxanthellae symbiosis, where the symbiont acquires inorganics 
that would otherwise be excreted by the host, and in this case, would gain the eventual 
physiochemical protection, and where the coral animal benefits from a reliable source of fixed 
carbon and an additional source of oxygen.  Although the photo-protective mechanisms observed 
in this study are a costly energetic expenditure for the host, the benefits of this cooperation could 
have been the singular reason a coral could have evolved during, albeit without skeleton, an 
environmentally tumultuous and evolutionarily catastrophic period in Earth’s history.   
 Evidence for this hypothesis lies in the correlation between light-optimization strategies 
and skeletogenesis.  The two primary components for the skeleton are calcium (Ca2+) and 
carbonate (CO3
2-).  It has been shown that calcium availability and translocation is not the rate-
limiting step in skeletal precipitation, but that light-activated carbon translocation controls 
skeletal precipitation. Calcium and carbon are actively transported transcellularly into the 
coelenteron (calcifying space) by he coral in preparation for skeletogenesis.  The Ca2+-ATPase 
pump, which shuttles calcium ions across the calicoblastic epithelium, is light-activated, so this 
non-rate-limiting step in skeletogenesis would be up-regulated when light-optimization is 
achieved by the coral-zooxanthellae system.  This phenomenon is observed in other organisms as 
well, where, for example, blue light activates calcium permeable channels in Arabidopsis.  
However, the rate-limiting step is addressed when carbon can be adequately assimilated, 
translocated, and possibly transformed into a useable form, here bicarbonate (HCO3
-) and 
 91 
ultimately carbonate (CO3
2-).  This study hypothesizes then that endosymbiosis enabled the coral 
holobiont to fix carbon at a rate that allowed skeletal precipitation under certain geochemical 
conditions of seawater. These geochemical parameters, such as aragonite saturation state and pH, 
are drastically manipulated by the organism – the aragonite saturation state in the calcifying 
space have been shown to reach 100x that of seawater – but during these inhospitable oceans, it 
is easily imaginable that ocean chemistry could have thermodynamically inhibited 
skeletogenesis. Furthermore, if we assume the coral-zooxanthellae association preceded the 
development of the skeleton, then the advent of highly differentiated Scleractinians could have 
occurred because Earth’s tropical oceans had finally reached a geochemical balance allowing 
aragonite precipitation. This is to say that they coral-algal endosymbiosis readied the organism 
for skeletal precipitation before it was chemically permitted by environmental controls, and can 
hypothetically explain the sudden appearance and abundance of hard skeleton-growing corals in 
the fossil record.   
 
Biochemical Plasticity Optimizes Light Harvesting 
The presented results show measureable changes in cellular expression over seven meters 
WD (Fig. 14.  The quantitative tracking of these two cells has indicated a highly specific and 
plastic approach to optimizing light exposure for autotrophic production of nutrients.  It is shown 
here that increasing water depth instigates a large down-regulation in the expression of 
photoprotective chromatophores in the ectodermal tissue layer of shallow water Orbicella sp.  
However, Zooxanthellae increased in overall number.  This quantitative analysis has provided 
alternative data to the qualitative observation that was offered in Chapter Two that there was no 
observable change in the number of zooxanthellae across water depth.  If we evaluate the 
 92 
zooxanthellae abundance according to this new quantitative dataset, it could then be 
hypothesized that zooxanthellae increase in number in increasing water depths to compensate for 
the marked attenuation of irradiance through only meters of seawater.  This hypothesis is 
consistent with previously reported results indicating a large increase in the fluorescence 
intensity of zooxanthellae of in the deeper water coral. These findings mark a correlation 
between the surface area occupied by zooxanthellae in coral tissue and the intensity of the 
fluorescent intensity collected through spectral analysis at the Chlorophyll-α wavelength range 
(emission peak at ~670nm).  This is another indicator of coral-zooxanthellae-environmental 
feedback, where the increased number of zooxanthellae in deeper water means that the 
zooxanthellae are experiencing diminished PAR for photosynthesis in comparison to their 
shallow water counterparts, and the host and zooxanthellae have up-regulated this expression in 
order to optimize the symbiotic arrangement.  Measurements of coral host chromatophores track 
a decrease in chromatophore expression, inferably to reduce photo-protection in deeper water.  
Zooxanthellae may then increase in number to further maximize the utilization of light 
penetrating the water column, as shown by the spectral data displayed in Figure 15. These data 
sets alone indicate a sensitive signaling between the host and endosymbiont in response to 
environmental cues.  Data for this study was collected on the relatively small scale of seven 
meters water depth change between treatments.  This quantified change in expression of 
fluorescent proteins and chlorophyll-a of the zooxanthellae indicates a biological system that is 
highly specific to the environment in which the organisms reside.  The plasticity of this 
relationship indicates an adaptable holobiont, a survival strategy that would inferably prove 
advantageous during times of ecological perturbation and environmental stress. The degree of 
plasticity can be further parameterized in future studies to constrain the tolerance of the coral-
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zooxanthellae system to identify those environmental conditions under which each may have 
evolved and under which conditions the endosymbiosis would prove most successful.   
 Data also indicate specificity in the location on the polyp at which these changes occur.  
Chromatophores increase in abundance in shallow waters because of the threat of oxidative 
stress to both the coral and zooxanthellae, as well as photo-inhibition affecting the activity of 
photosystem II (Salih et al., 2006; Lesser 1997, 2000). Because of the capability of the TP-LSM 
three-dimensional imaging of an intact coral polyp, we have been able to also determine the 
anatomical position where this physiological change occurs. Data show that chromatophores 
increase in number in both the primary and secondary septa in the shallow water coral. However, 
chromatophores in measured at 5m WD nearly quadruple in the highest elevation points, the 
primary septa (Fig. 13).  This change in chromatophore abundance across septa is implying that 
the change of several hundred microns, the approximate change in elevation between primary 
and secondary septa, experiences a difference in tissue light exposure. Chromatophores were 
shown to be significantly more abundant on the secondary lobes (areas of lower elevation, and 
tissue expressing fluorescent-tipped tentacles) in comparison to the primary lobes of deeper 
water corals.  Conversely, chromatophores are in significantly greater abundance on the primary 
septal lobes of the shallow water Orbicella sp. It could then be hypothesized that host photo-
protective and carbon utilization strategies are extremely specific, extending to changes in light 
intensities on the sub-millimeter scale as well as the meter-scale.  The findings presented here 
support the hypotheses explained in Chapter Two, which were then based on overall volumetric 
quantifications and qualitative observations. 
 Zooxanthellae, too, exhibit a measurable difference in expression between the primary 
and secondary lobes, found more than twice as concentrated in the secondary lobes when 
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compared to the primary septal lobes.  Hypotheses were offered in the previous study to explain 
this distribution, citing (1) unfavorable physiological micro-environment on the highest points of 
elevation, the uppermost lobes of primary septa, where enhanced rates of skeletogenesis has been 
measured, and (2) optimal light-exposure in the secondary septal regions, possibly affected by 
self-shading during diurnal feeding. The quantitative analyses presented here offer support for 
those hypotheses previously discussed in Chapter Two, indicating highly specific and aggressive 
strategies in host protection of zooxanthellae and light-optimization.  
Results highlight the plastic utilization of carbon, where the coral holobiont demonstrates 
the ability to respond to small changes in is biological, physical, and chemical environment. This 
coral-zooxanthellae response may then be recorded in the density banding and skeletal 
architecture of the coral organism, the fossilized character of corals, archiving the morphological 
and biochemical adaptations that are cued by a changing environment.  
  
A Model for Adaptive Response: Carbon-Cycling in the Coral Holobiont 
Piggot et al. (2009) developed and applied an effective method for immunohistochemical 
targeting of the cellular constituents of coral tissue in situ, followed by quantitative image 
analysis. This technique does not require the maceration of tissue, nor the destruction of the 
structure of tissue, but only the careful histological sectioning to the target horizon within the 
polyp, followed by immuno-labeling with appropriate primary and secondary antibodies.  As a 
result of the analyses conducted in Piggot et al. (2009), a depth of 800 microns from the top of 
the polyp was chosen in the present study as the polyp tissue depth horizon that is most sensitive 
to change in SST and irradiance.  The image analyses in the present study, which were modified 
from Piggot et al. (2009), permit an objective selection of immuno-labeled components using a 
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threshold of fluorescent intensity. In the developed technique, the area of all pixels exhibiting the 
range of selected intensities was totaled to quantify the total area occupied by that particular 
tissue cell constituent.  This methodology has resulted in the first quantitative documentation and 
comparison of the localization and abundance of spatially in situ zooxanthellae cells, mucus, 
calmodulin (CaBP) protein and carbonic anhydrase. 
Zooxanthellae decreased in abundance during high SST, which is consistent with previous 
research on the response of zooxanthellae densities to changes in SST (Coles and Jokiel, 1977; 
Marubini and Davies, 1996; Piggot et al., 2009; Rowan 2004) (Fig. 10).  This decrease in the 
density of zooxanthellae may be associated with a decrease in the rate of photosynthesis 
executed within the coral tissue, and thus, a decrease in the usage of respired carbon dioxide. An 
accumulation of respired CO2 in coral tissue would then create an increased [CO2] gradient 
across the calicoblastic epithelium, initiating diffusion or active transport of carbon across this 
membrane. This is consistent with observations that photosynthesis uses available CO2 , 
decreasing aragonite saturation state in the calcifying space between the calicoblastic epithelium 
and the skeleton (Smith, 1973). The transport of CO2 into the calcifying space would result in the 
accumulation of protons and could then initiate the Ca2+-ATPase pump.  The Ca2+-ATPase pump 
shuttles calcium to the site of precipitation in exchange for protons (Chalker et al., 1986; 
Kingsley and Watabe, 1985). During low SST, zooxanthellae increase in number and the coral’ 
nutritive needs are met through byproducts of zooxanthellae photosynthesis. This feeding 
strategy is auto- or photo-trophy.  During high SST when zooxanthellae decrease in number, the 
coral undergoes a trophic shift (Anthony and Fabricius, 2000; Piggot et al., 2009). High SST 
brings on heterotrophy, when coral gain energy from ingestion of the mucus surface layer 
containing commensal bacteria and trapped organic matter from SW, as well as carbon derived 
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from passive carnivory.  Trophic plasticity in corals is expected to influence calcification of the 
skeleton, where heterotrophy and high SST is correlated with the precipitation of a denser 
skeleton (Anthony and Fabricius, 2000).  The decrease in zooxanthellae may mark a seasonal 
change in the carbon cycling within the organism, and may cause an accumulation of CO2 in the 
tissue, ultimately resulting in more available CO2 for the precipitation of the calcium carbonate 
skeleton (McConnaughey et al., 1997). It is also possible that this accumulation of CO2 may be 
toxic to the coral animal. Therefore, an increase in the precipitation of the aragonitic skeleton 
could not only be a by-product of increased availability of carbon, but may also be a seasonal 
coping mechanism. 
 
Figure 22.  Carbon-cycling model compiling data from Hill Miller 2010 M.Sc. Thesis and Piggot et al. 2009 
overlain on Curaçao’s SST curve. This model shows the increase or decrease of targeted molecular and cellular 
components as they were measured in these two studies.  (blue = carbonic anhydrase; yellow = calmodulin; red 
= number of mucocytes; green = zooxanthellae density within coral tissue; pink = mucus found in the 
gastroderm and aboral endoderm/calicoblastic epithelium).   
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Source, Function, and Fate of Coral Mucus 
Results from this study suggest that mucus produced by corals may require distinction 
between three different localization strategies within the tissue structure and possibly three 
different functions and compositions.  Mucus associated with oral ectoderm is expelled by 
mucocytes to construct the coral surface mucus layer (CSM). The CSM coats the living coral 
tissue, acting as a physicochemical barrier between the coral animal and potential threats in the 
environment, including pathogens, sedimentation, and excess irradiance (Reitner 2005, Brown 
and Bythell 2005).  This mucus has been shown to increase in response to increased SST (Piggot 
et al. 2009; Reitner 2005).  The mucus excreted in the oral ectoderm is the primary subject of 
coral mucus studies, most often collected and analyzed after the coral sample is stressed (usually 
via aerial exposure), causing the profuse expelling of mucus that can be collected easily.  Reports 
on the composition, viscosity, pH, and production of coral mucus are largely skewed toward this 
surficial mucus (Brown and Bythell 2005; Crossland 1987;  Reitner 2005).  
Next, the mucus observed in association with zooxanthellae in the oral endoderm (or 
gastroderm) may serve as an energy storage or by-product of photosynthesis, or may play a role 
in host-recognition of the endosymbiont (Davey et al. 2012; Markell and Trench, 1993; Markell 
and Wood-Charlson, 20120).  Data from this study show that the mucus found in the gastroderm 
decreases with increased SST, possibly in correlation to the decreased number of zooxanthellae. 
It is possible that the immunolocalization of “mucus” surrounding the zooxanthellae, has actually 
aided in identifying the surface glycosome of the dinoflagellate, a field of study that still has 
many remaining questions (Davy et al. 2012).  The immunohistochemical agent targeted N-
acetyl glucosamine that has been identified in coral surface mucus (Reitner 2005). It is possibly 
that N-acetyl glucosamine is expressed on the cell surface as a part of the cell-host recognition 
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pathway at work in the symbiosome.  The mechanisms of cell-host recognition, are yet unknown, 
likely due to the difficulty in drawing a parallel between the zooxanthellae in vitro versus in 
hospite, where stark differences in the behavior, motility, and reproduction rates have been 
observed (Davy et al. 2012).  Few studies mention the mucus associated with zooxanthellae, and 
this study is the first to quantitatively track the expression of this substance.   
Finally, the mucus associated with the skeleton and calicoblastic epithelium may promote 
precipitation of coral aragonite by lowering the activation energy of nucleation by providing an 
organic framework on which to grow (Allemand et al., 2004; Helman et al., 2008; Kandianis et 
al., 2008).  The organic matrix, the mucus secreted by the calicoblastic epithelium, has yet to be 
fully characterized and tracked as it is mechanically difficult to separate the organic matrix from 
the skeleton into which it is itself incorporated. An additional interpretation yielded from these 
results is that skeleton-associated mucus may serve as a pool of ions and chemical components 
from which the skeletal crystals grow, where the composition of the matrix may override the 
abundance of this organic template in its effect on the rate of growth and micro-architecture of 
the skeleton. Further quantitative and comparative analyses on the structure, composition, and 
abundance of the organic matrix are much needed to further elucidate the source and fate of 
carbon during skeletogenesis.  It should be noted that during the research and development of the 
experimental design of this project, the organic matrix was extracted from the skeleton during 
de-calcification, preserving the structural integrity, a method that may become extremely 
valuable in future studies.  
Observations from this study suggest further investigation of these distinctly localized 
mucus constituents to discern the composition and function of the mucus in these regions.  These 
further studies on these three newly distinguished storages of coral mucus may further exact the 
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mechanisms of carbon cycling in the coral organism, a system that results in the construction of 
the calcium carbonate skeleton 
 
CONCLUSIONS 
In conclusion, this study has identified and tracked the light-optimizing endosymbiotic 
coral-zooxanthellae interactions that serve as an example of cooperative evolutionary success 
dating back to the emergence of Scleractinian corals Mid-Triassic.  It has been shown here that 
the endosymbiotic relationship is plastic, responding measurably to small changes in water depth 
and the associated attenuation of photosynthetically active radiation. Host protective capabilities 
include photo-protectively screening zooxanthellae from harmful radiation through the 
employment of overlying fluorescent compounds, which intercepts high-energy wavelengths 
(here, UV-A and blue light). This capability is complimentary to previously documented host 
strategies that protect the coral and its endosymbiont from the UV-B wavelength range, and 
expression that decreases with increasing water depth, as does the abundance of the photo-
protective fluorescent compounds measured in this study. There is little evidence constraining 
the onset of the coral-zooxanthellae endosymbiosis, as well as the phylogenetic origin of 
Scleractinians, but these newly offered insights into the both the specificity and plasticity of 
feedback systems in place between host and endosymbiont indicate a relationship that could have 
far preceded the sudden emergence of modern corals in the fossil record.   
In total, there is no comparable data set to the one presented in this study, opening a new frontier 
on which the coral organism can be characterized, offering new rigor to not only carbon-cycling 
models, where these cells can be classified as sources or sinks of carbon, but also contribute a 
new mechanism for evaluating the highly specified and sensitive endosymbiotic relationship. 
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This study has identified and tracked the light-optimizing endosymbiotic coral-zooxanthellae 
interactions that serve as an example of cooperative evolutionary success dating back to the 
emergence of Scleractinian corals Mid-Triassic.  It has been shown here that the endosymbiotic 
relationship is plastic, responding measurably and significantly to small changes in water depth 
(from micrometers to meters) and the associated attenuation of photosynthetically active 
radiation. Both the host and the endosymbiont measurably alter their photo-facultative strategies. 
 
ACKNOWLEDGEMENTS 
This work was supported by a research grant from the UIUC Depart of Geology Jackson 
Fellowship and Leighton Fellowship awarded to CAHM.  This manuscript was greatly improved 
by the contributions of Kate Hill and Bruce Fouke.  We acknowledge the support of CARMABI, 
Colleen Cook, and Philip Miller for our field and sampling efforts.  We also thank Mayandi 
Sivaguru and Glenn Fried for their expertise and support in our TP-LSM, SBFI, and Quantitative 
Image Analysis endeavors.   
 
REFERENCES 
Anthony, K. R. N.,  K.E. Fabricius, Shifting roles of heterotrophy and autotrophy in coral 
energetics under varying turbidity. Journal of Experimental Marine Biology and Ecology 
252, 221 (September 20, 2000, 2000). 
Anthony, K. R. N., O. Hough-Guldberg, Variation in coral photosynthesis, respiration 
and growth characteristics in contrasting light microhabitats: an analogue to plants  
in forest gaps and understories? Functional ecology 17, 246 (2003). 
Bak, Rolf PM, and Brian E. Luckhurst. "Constancy and change in coral reef habitats 
along depth gradients at Curacao." Oecologia 47.2 (1980): 145-155. 
Budd, Ann F., and K. G. Johnson. "Coral reef community dynamics over 8 million years 
 101 
of evolutionary time; stasis and turnover; Proceedings of the 8th international coral reef 
symposium." Proceedings-International Coral Reef Symposium. Vol. 8. 1997. 
Buisonje, P. H. de. Neogene and quaternary geology of Aruba, Curaçao, and Bonaire. 
Diss. Utrecht., 1974. 
CARMABI; Caribbean Marine Biology Institute. Est. 1955. Curaçao. www.carmabi.org 
Chalker, B.E., W. C. Dunlap, J.K. Oliver, Bathymetric adaptations of reef-buidling corals 
at Davies Reef, Great Barrier Reef, Australia. II.  Light saturation curves for 
photosynthesis and respiration. Journal of Experimental Marine Biology and Ecology 73, 
37 (1983). 
Chalker, B.E., D. L. Taylor,  Light-enhanced calcification, and the role of oxidative 
phosphorylation in calcification of the coral Acropora cervicornis. Proceedings of the 
Royal Society of London 190, 323 (August 19, 1975). 
Cohen A.L., T. A. McConnaughey, in Biomineralization, P. M. Dove, J. J. DeYoreo, S. 
Weiner, Eds. (2003), vol. 54, pp. 151-187. 
Crossland, C. J. (1987). In situ release of mucus and DOC-lipid from the corals Acropora 
variabilis and Stylophora pistillata in different light regimes. Coral Reefs, 6(1), 35-42. 
Davies, P. S. (1991). Effect of daylight variations on the energy budgets of shallow-water corals. 
Marine Biology, 108(1), 137-144. 
Desalvo, M. K., et al. "Differential gene expression during thermal stress and bleaching 
in the Caribbean coral Orbicella faveolata." Molecular ecology 17.17 (2008): 3952-3971. 
Dove, S., and O. Hoegh-Guldberg, Pigment Protein from Coral Tissue, Ed. US Patent, (USA, 
2000). 
Dunlap, W.C., J. M. Shick, Ultraviolet radiation-absorbing mycosporine-like amino acids 
in coral reef organisms: A biochemical and environmental perspective. Journal of 
phycology 34, 418 (Jun, 1998). 
Dunlap, W.C., B.E. Chalker, J.K. Oliver, Bathymetric adaptations of reef-building corals 
at Davies Reef, Great Barrier Reef, Australia.  III. UV-B absorbing compounds. Journal 
of Experimental Marine Biology and Ecology 104, 239 (1986, 1986). 
Edmunds, P. J., & Davies, P. S. (1989). An energy budget for Porites porites (Scleractinia), 
growing in a stressed environment. Coral Reefs, 8(1), 37-43. 
Fitt, W.E.,  and M. E. Warner,  Bleaching Patterns of Four Species of Caribbean Reef 
 102 
Corals. The Biological Bulletin 189, 298 (December 1995, 1995). 
Flügel, E.  Microfacies of carbonate rocks: analysis, interpretation and application.  
(2004). 
Frias-Lopez, J., Zerkle, A.L., Bonheyo, G.T. and Fouke, B.W. (2002) Partitioning of bacterial 
communities between seawater and healthy, black band diseased, and dead coral surfaces. 
Applied and Environmental Microbiology, 68, 2214-2228.2214-2228 
Fukami, Hironobu, et al. Geographic differences in species boundaries among members 
of the Orbicella annularis complex based on molecular and morphological markers. 
Evolution 58.2 (2004): 324-337. 
Heikal, A., S.T. Hess, G.S. Baird, R.Y. Tsien, W.W. Webb, Molecular spectroscopy and 
dynamics of intrinsically fluorescent proteins: coral red (dsRed) and yellow (Citrine). 
Proceedings of the National Academy of Sciences of the United States of America 97, 
11996 (2000). 
Jeffrey, S.W., F. T. Haxo, Photosynthetic pigments of symbiotic dinoflagellates 
(zooxanthellae) from corals and clams. Biology Bulletin 135, 149 (1968, 1968). 
Klaver, Gerardus Theodorus. The Curaçao Lava Formation: an ophiolitic analogue of 
the anomalous thick layer 2B of the mid-Cretaceous oceanic plateaus in the western 
Pacific and central Caribbean. No. 119. Natuurwetenschappelijke Studiekring voor 
Suriname en de Nederlandse Antillen, 1987. 
Klaus, J.S., Janse, I., Heikoop, J.M., Sanford, R.A. and Fouke, B.W. (2007) Coral microbial 
communities, zooxnathellae, and mucus along gradients of seawater depth and coastal 
pollution. Environmental Microbiology, 9, 1291-1305.1291-1305 
Lesser, M.P.  Elevated temperatures and ultraviolet radiation cause oxidative stress and 
inhibit photosynthesis in symbiotic dinoflagellates. Limnology and Oceanography 41, 
271 (Mar, 1996). 
Lesser, M.P.  Oxidative stress causes coral bleaching during exposure to elevated 
temperatures. Coral Reefs 16, 187 (Jul, 1997). 
Lesser, M.P.  Depth-dependent photoacclimatization to solar ultraviolet radiation in the 
Caribbean coral Orbicella faveolata. Mar. Ecol.-Prog. Ser. 192, 137 (2000). 
Lesser, M.P. Photoacclimatization by the coral Orbicella cavernosa in the mesophotic 
zone: light, food, and genetics. Ecology 91, 990 (2010). 
 103 
Lesser, M.P., J. M. Shick, Effects of Irradiance and Ultra-Violet Radiation on 
Photoadaptation in the Zooxanthellae of Aiptasia pallida - Primary Production, 
Photoinhibition, and Enzymic defenses against Oxygen-Toxicity. Marine Biology 102, 
243 (1989). 
Larkum, A.  The roles of host-based color and fluorescent pigments in photoprotection 
and in reducing the bleaching stress in corals. 10th International Coral Reef Symposium,  
(June 28, 2004). 
Markell DA, Trench RK. 1993. Macromolecules exuded by symbiotic dinoflagellates in 
culture: amino acid and sugar composition. J. Phycol. 29:64 – 68. 
214.  
Markell DA, Wood-Charlson EM. 2010. Immunocytochemical evidence that symbiotic 
algae secrete potential recognition signal molecules in hospite. Mar. Biol. 157:1105–
1111. 
Matz, M.V., A. F. Fradkov, Y.A. Labas, A.P. Savitsky, A.G. Zaraisky, M.L. Markelov, 
S.A. Lukyanov, Fluorescent proteins from nonbioluminescent Anthozoa species. Nature 
biotechnology 17, 969 (1999). 
Muscatine, L., P. G. Falkowski, J. W. Porter, Z. Dubinsky, Fate of Photosynthetic Fixed 
Carbon in Light- and Shade-Adapted Colonies of the Symbiotic Coral Stylophora 
pistillata. Proceedings of the Royal Society of London 222, 181 (Aug. 22, 1984). 
Muscatine, L., L. R. McCloskey, R. E. Marian, Estimating the Daily Contribution of 
Carbon from Zooxanthellae to Coral Animal Respiration. Limnology and Oceanography 
26, 601 (July 1981, 1981). 
NOAA 2013. http://nomads.ncdc.noaa.gov:9090/doda/NCDC_CLIMATE_SST/subests 
Pace, N.R., Sapp, J., and Goldenfeld, N., 2012. Phylogeny and beyond: Scientific, 
historical and conceptual significance of the first tree of life. Proceedings of the National 
Academies of Science, 109(4):1011-1018. 
Reitner, J. (2005). Calcifying extracellular mucus substances (EMS) of Madrepora oculata – a 
first geobiological approach.  Cold-water corals and ecosystes (pp. 731-744). Springer 
Berlin Heidelberg.   
Roth, M.S.  Green fluorescent protein regulation in the coral Acropora yongei during 
photoacclimation. Journal of experimental biology 213, 3644 (2010). 
 104 
Salih, A. Fluorescent pigments in corals are photoprotective. Nature 408, 850 (2000). 
Salih, A. G. Schlichter, D.  H. W. Fricke, W. Weber, Light Harvesting by Wavelength 
Transformation in a Symbiotic Coral of the Red-Sea Twilight Zone. Marine Biology 91, 
403 (1986). 
Salih, A.  G. Cox, O. Hoegh-Guldberg, Photoprotection of symbiotic dinoflagellates in 
corals: the effects of temperature on their morphology and physiology, in Australian 
Coral Reef Society, Eds. J. G.Greenwood and N. Hall, (University of Queensland Press, 
Heron Island 50 year commemorative meeting, 1997a),  pp. 217-230. 
Schwarz, Jodi A., et al. "Coral life history and symbiosis: functional genomic resources 
for two reef building Caribbean corals, Acropora palmata and Orbicella faveolata." BMC 
genomics 9.1 (2008): 97. 
Stanley Jr, G. D. (2003). The evolution of modern corals and their early history. Earth-Science 
Reviews, 60(3), 195-225. 
Stanley Jr, G. D. (2006). Photosymbiosis and the evolution of modern coral reefs. evolution, 1, 3. 
Stanley Jr, G. D., & Swart, P. K. (1995). Evolution of the coral-zooxanthenllae symbiosis during 
the Triassic: A geochemical approach. Paleobiology, 179-199. 
Tsien, R.Y. The green fluorescent protein. Annual review of biochemistry 67, 509 (1998). 
van Veghel, Manfred Leonardus Johannes. (1994). "Polymorphism in the Caribbean reef 
building coral Montastrea annularis." Thesis, University of Amsterdam, the Netherlands. 
van Duyl, Fleur C. Atlas of the living reefs of Curacao and Bonaire(Netherlands 
Antilles). Diss. Vrije Universiteit, Amsterdam, 1985. 
Veron, J.E.N. Corals of the world. Volume 3. Corals of the world. Volume 3. 
(Australian Institute of Marine Science, 2000), pp. i-viii, 1-490. 
Vermunt, L. W. J., and M. G. Rutten. "Geology of Central Curacao." Proc. Kon. Akad. v. 
Wetensch. Vol. 34. No. 2. 1931. 
Wernegreen, J. J. (2004). Endosymbiosis: lessons in conflict resolution. PLoS Biology, 2(3), 
e68. 
Wilson, James Lee. Carbonate facies in geologic history. Vol. 30. Berlin: Springer 
Verlag, 1975. 
Woese, C.R., and Fox, G.E., 1977. The concept of cellular evolution. Journal of 
Molecular Evolution, 10:1-6. 
 105 
Zimmer, M. Green fluorescent protein (GFP): applications, structure, and related 
photophysical behavior. Chemical reviews 102, 759 (2002). 
  
 106 
CHAPTER 3:  Quantification of Carbonate Accumulation Variations across 
Coral Reef Facies: Evidence from the Analysis of Coral Skeletal Density 
Banding 
 
 
ABSTRACT  
This study provides the first quantitative definition of the periodic density shifts in the 
Orbicella species complex, cornerstone Caribbean reef-building species found on the island of 
Curaçao. High and low density banding in the aragonitic skeletons are shown to carry a specific 
aragonite density and porosity, determined by their specific (on the meter-scale) positioning on 
the reef tract, along a bathymetric gradient, but in distinct coral reef facies.  Results show that the 
porosity of high-density bands increases shoreward from the fore reef slope, gaining 
approximately 2% porosity per shallowing of 7m water depth (WD), crossing onto the reef crest, 
and again into the back reef coral reef facies.  Skeleton biopsies were extracted from apparently 
healthy colonies of O. annularis  in 5m WD in the back reef, O. faveolata in 12m WD on the 
reef crest, and O. franksii in 20m WD on the fore reef slope.  10mm sections of skeleton were x-
radiographed in 2D and then computed-tomography scanned (CT-scan) in 3D.  Quantitative 
image analysis assigned the high- and low-density regions of skeleton of the three species a 
statistically significant value of % porosity and % aragonite per unit volume.  It is concluded that 
the density banding patterns of Scleractinian corals can be used to determine, with meters-scale 
precision, the coral head’s positioning on the modern and ancient reef tract. 
 
INTRODUCTION  
Scleractinian or “stony” reef-building corals, serve as an ecological cornerstone for 
tropical and sub-tropical reef ecosystems, whose appearance in the fossil record dates back to the 
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Mid-Triassic Tethys Seas (Veron, 2000; Stanley, 2002, 2006; Stanley and Swart, 2006).  A 
universal characteristic of coral skeletal growth is the formation of density bands, similar in 
appearance through x-radiography to tree-rings, micrometers to upwards of a centimeter in 
thickness.  The difference in x-ray absorption, shown on x-radiographs, indicates a change in 
density of the skeletal aragonite from one band to the next, resulting in alternating regions of 
high-density and low-density coral skeleton (Fig. 22; Carricart-Ganivet et al., 2000; Knutson et 
al., 1972).  The thickness of each band is generally assumed to be proportional to the amount of 
time within which they precipitate, resulting in thicker low density bands (LDBs), formed over 
nine months, commonly punctuated by thinner high density bands (HDBs), formed over the three 
late summer months (Carricart-Ganivet, 2004; Carricart-Ganivet, 2007; Cruz-Piñón et al., 2003; 
Dodge and Brass, 1984).  This assumption is made based on research that has measured linear 
extension (outward growth) remaining constant throughout the seasons (e.g., Carricart-Ganivet, 
2004, measured ~0.5mm/month extension rates in O. annularis in the Carribbean Sea, with no 
significant difference during HDB and LDB formation).  Because of their perceived regularity 
and the assumed simple model of seasonal precipitation, density bands are used to temporally 
constrain (absolute age-date) observed fluctuations in the isotopic composition of coral 
skeletons, which are used as sensitive archives of recent and ancient global climate and ocean 
geochemistry (Barnes and Lough, 1996; Cohen 2006; IPCC, 2007, 2013; Wellington and 
Dunbar, 1996).  
Since Knutson’s first description of annual density banding patterns, studies have ensued 
to extract climatological data, such as SST, salinity, sediment loads, light intensity and solar 
radiation from coral skeleton (Chalker and Taylor, 1975; Klein et al., 1993; Knutson et al., 1972; 
Lough and Barnes, 2000; Muscatine et al., 1984). Several studies have extracted climatological 
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data recorded in coral skeletons over the last 2000 years (Gladfelter 1984, Allemand et al. 2004, 
Adkins et al. 2003, Swart et al. 1996, Knutson 1972; Giry et al. 2010; Zaunbrecher et al., 2010). 
Recently, isotopic analyses of coral skeletons served as a significant data source for the recent 
Intergovernmental Panel on Climate Control reconstructions and future predictions of global 
surface temperatures. Those analyses have documented a 1ºC/century increase in SST and 
predict warming of 4C or more over the next century (IPCC, 2007, 2013).  
Although coral skeletons are invaluable archives of climatological data and are used 
commonly as such, the influence of environmental factors and coral biological controllers on the 
precipitation of the aragonitic skeleton has not yet been deciphered because the exact 
mechanisms driving crystal growth remain unknown (Allemand et al., 2004; Cohen and 
McConnaughey, 2003, Carriart-Ganivet, 2008, 2010).  Abiotic controllers of skeletal 
precipitation are emphasized in isotope geochemical studies, where-in biological influence on 
isotopic composition is referred to generally as ‘vital effects’ (Erez et al. 1978; Swart et al. 1995; 
Zaunbrecher et al. 2010). The isotopic composition of the coral skeletons indicates kinetic 
fractionation of oxygen and carbon, as opposed to fractionation due to isotopic equilibrium with 
SW.  Both 13C and 18O are depleted in the skeleton with respect to SW, implying that the ions are 
not in equilibrium with dissolved inorganic carbon (DIC) and oxygen in seawater at the time of 
deposition (Weber and Woodhead 1970; Emiliani et al. 1978; McConnaughey 1986; Swart 1983; 
Muscatine et al. 1989).   
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Figure 23. X-radiograph of O. annularis showing high and low density banding in a sample approximately 11 
cm in diameter, sectioned 10mm in thickness.  In this x-ray, light material indicates more dense material, and 
darker regions indicate lower density material.   
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It has been reported that isotopic fractionation during skeletogenesis is due to the kinetic 
discrimination during conversion of CO2 to HCO3, which is a process mediated by the coral 
animal (Adkins et al., 2003; McConnaughey et al., 1997; Swart et al., 1995). Support of the 
abiotic model includes the following observations: (1) aragonite needles that comprise the 
skeleton are wider in slower growing coral genera, consistent with inorganic needle morphology 
as it is controlled by rate of precipitation (Barnes, 1970); (2) increased temperature has been 
shown to increase the rate of calcification of the skeleton (Reynaud et al., 2007); (3) high-density 
bands form during high seasonal sea surface temperature (SST), consistent with Reynaud’s 
observations (Carricart-Ganivet 2004, 2008, Reynaud et al., 2007); (4) the spherulitic 
morphology of the aragonite needle bundles are similar to those commonly grown inorganically 
(Barnes, 1970; Gladfelter, 1983; Gladfelter, 1984); (5) petrographic analysis reveals secondary 
aragonite growth in the skeleton that exhibits the qualities of inorganically grown aragonite 
crystals (Cohen and McConnaughey, 2003).  
Support for biotically-mediated skeletal growth model includes the following 
observations: (1) active transport, not para- or trans-cellular diffusion, of ions across the 
skeleton-tissue interface has been demonstrated; (2) the site and timescale over which 
precipitation occurs are effectively isothermal, in contrast to the points mentioned above, which 
cite temperature as the main control of the rate of skeletogenesis; (3) diurnal cycling has been 
documented, where calcification rates increase during the day and slow at night, correlated with 
the light-activated Ca2+-ATPase pump that shuttles calcium ions from the tissue into the 
calcifying space; (4) the Ca2+-ATPase pump is also correlated with the aragonite saturation state 
exhibited in the calcifying space, that is 100x that of seawater; (5) The presence of an organic 
substrate, like mucus, has been shown to increase the rate of aragonite precipitation both in 
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mollusks and hot spring systems (Cohen and McConnaughey, 2003; Kandianis et al., 2008); and 
(6) although the δ18O vs. temperature relationship is parallel to that of inorganically grown 
aragonitic crystals, the δ18O values are depleted in the heavy isotope, indicating some biological 
influence during kinetic fractionation of oxygen in seawater (Weber and Woodhead 1970, 
Fairbanks and Dodge 1979, Goreau 1977a).   
In total, the processes by which the density banding pattern is formed haven’t been fully 
identified in this complex coral system, and therefore the mechanisms exacting skeletal growth 
are yet unspecified. As previously discussed, coral literature cites a conceptual dichotomy on the 
topic, where researchers emphasize exclusively either abiotic or biotic control on the rate of 
skeletogenesis. This study indicates that feedback between environmental factors and the 
biological catalysis of skeletogenesis ultimately determines the composition and structure of the 
skeleton. The skeleton, then, should record information about both the environment and coral 
metabolism over time and reef profile locale. This study demonstrates that, through systematic 
two- and three-dimensional x-radiography and quantitative image analysis, the change in density 
from a high-density region to a low density region can be quantified and compared between 
treatments.  Furthermore, “high density” and “low density” has been defined through repeatable 
methodology, that shows that comparing density banding amongst three Orbicella species across 
a 15-meter bathymetric gradient shows a measureable difference in carbonate accumulation that 
can be tracked through time and space laong the reef tract.  Results imply that the density of 
aragonite and porosity is measureable through the methods utilized in this study.  More 
importantly, conclusions from this study indicate that the density banding and porosity patterns 
measured from a coral sample can be used to interpret the depositional/ecological environment 
with meters’ accuracy, carrying with it, a suite of physical, chemical, and biological parameters 
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influencing the living organism at the time of skeletogenesis. These principles can then be 
applied to future paleo-climatological studies, which inform the predictive climatological 
modeling such as those reported in the IPCC reports in 2007 and 2013.   
 
MATERIALS AND METHODS 
To track density changes across a spatial transect perpendicular to shore, 2.5cm-diameter 
skeleton biopsies were extracted from Orbicella species, now re-assigned to the Genus Orbicella 
in a recent study by Budd et al. (2012), across 3 coral reef facies on the leeward coast of 
Curaçao, Netherlands Antilles, an island situated in the Southern Caribbean (Fig. 23).  A facies is 
a crystalline deposit that represents the sum total of the physical, chemical, and biological 
processes at work during deposition – in this case, at the time of skeletal precipitation. Orbicella 
sp. have been identified as ecological cornerstones of Caribbean coral reef systems (van Duhyl 
1985). Three species were sampled via SCUBA from the position on the reef profile where they 
were found consistently in greatest abundance: O. annularis from the back reef in 5m water 
depth (WD), O. faveolata from 12m water depth on the reef crest, and O. franksii and M. 
cavernosa from the from reef slope at 15 and 20m water depth, respectively (van Duyl 1985, van 
Veghel 1994; Fig. 24). It should be noted that since sampling in 2011, Orbicella cavernosa has 
also been re-classified according to the evolutionary study by Budd et al. (2012) into a new 
Genus, Montastreaidae, separate from the Orbicella Genus that includes the other three species.   
 
Coral species identification 
Apparently healthy colonies were chose for sampling by precise depth measurements and 
overall colony size of at least 1 meter in diameter.  O. annularis was identified for sampling by 
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its columnar base that widened out into a bulbous colony morphology, composed of polyps of 
~2mm in diameter exhibiting a golden coloration of the smooth colony surface with a blue-ish 
hue (Fig. 25). O. faveolata  was selected by its massive colony morphology with longitudinal 
ridges and platy, flattened edges fanning out at the basal extremities of the colony.  Apparently 
healthy O. faveolata are also found to have bright, fluorescent green polyp mouths (also 
approximately 2mm in diameter) surrounded by a deep brown coenosarcal region (inter-polyp 
tissue) and a generally smooth colony surface. O. franksii was identified by a massive colony 
morphology with flattened basal regions, as well, but with distinctly irregular protuberances 
marking the face of the colony (as opposed to the orderly ridges of O. faveolata).  Additionally, 
O. franksii had an overall brownish color, without the bright green mouths of O. faveolata.   
 
 
Figure 24. The island of Curacao is situated in the southern Caribbean Sea, approximately 40km North of 
Venezuela (figure presented in Hill, M.Sc., 2011).  . The leeward coast of Curacao provides some 70km of 
accessible fringing reef tract, and still boasts pristine water conditions along the Northwest tip of the island, at 
the sample site, Playa Kalki. Modified from Fouke (1993),  
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Figure 25. Bathymetric profile showing coral reef facies.  Sampled facies included the back reef, reef crest, and 
fore reef slope (figure presented in Hill, M.Sc., 2011).  Orbicella (or “Orbicella”) annularis is constrained 
primarily to the Back Reef depositional environment, and was sampled in ~5m water depth (WD), O. faveolata 
to the Reef Crest, and sampled in ~ 12m WD, and O. franksii to the Fore Reef Slope, and sampled in ~20m WD.   
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Fig 2.  Coral Reef Depositional Facies Model showing the sampled facies, the reef crest.   
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Figure 26.  Apparently healthy O. annularis (previously Montastraea annularis, until recently reclassified by 
Budd et al., 20102) colonies, in 5m WD on the leeward coast of Curaçao, during skeleton-tissue biopsy.   
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 Each skeleton-tissue biopsy was collected by gently hammering a 2.5-cm diameter 
stainless steel C·S. Osborne & Company arch punch No. 149 (http://www.csosborne.com) 
approximately 2 cm into the surface the each coral head (Fig. 25).   Considering each massive O. 
faveolata coral head as a globe, samples were consistently taken from a position at 
approximately 45 North latitude. The biopsy was transferred from the arch punch to sterile 50 
ml polypropylene centrifuge tubes that were filled with seawater at depth.  Biopsies were then 
stored at depth in these sealed seawater-filled centrifuge tubes for the duration of the sampling 
SCUBA dive, a time span that varied between 5 to 30 minutes. Upon return to the surface at the 
end of the dive, the triplicate biopsies were immediately immersed in 70% Ethanol and stored 
temporarily on ice.  
Samples were treated according to the protocol previously described in Hill 2010, where 
radiographic computed tomography scans produced a three-dimensional reconstruction of the 
sample.  The ratio of aragonite to pore space was measured in these three-dimensional high- and 
low-density bands from each facies.  Additionally, the ‘overall’ density of the sample was 
measured without regard to the inclusion of the density bands. The aragonite to pore space ratios 
of the high density bands, low density bands, and the overall sample density were then compared 
across the spatial transect spanning the back reef, reef crest, and fore reef slope environments.   
 
Radiography 
All biopsies were first radiographed, in solution with tissue intact, to create a three-
dimensional morphological map of coral skeleton density banding in each sample.  Then, the 
skeleton of the biopsies fixed in ethanol was sectioned into five millimeter sections using a rock 
 117 
saw, after all tissue had been removed by washing each biopsy in a 10% bleach solution. The 
sections of the aragonitic skeleton were radiographed using a large-animal digital x-ray 
instrument at the Radiology Department of the Large Animal Clinic at the School of Veterinary 
Medicine of the University of Illinois, Urbana, IL. The biopsy was placed onto an x-ray focus 
plate at a 101.6 cm (40 in) focal film distance. Each biopsy was x-rayed at 70 killivoltpascals 
(kVp) and 640 milliamps (mA) for an exposure time of 2 milliseconds (ms), which optimized 
contrast in the skeleton.  These settings were determined by, first, radiographing three sections in 
triplicate at a variety of exposure times, powers and focal distances to bracket the optimal 
settings.  The settings used were selected optically by determining which exhibited the best 
contrast between skeleton and background, and which preserved the best clarity of the digital 
image.   
 
Micro-Computed Tomography and Quantitative Image Analysis of Density Banding in 
Orbicella sp.  
Skeleton-tissue biopsies fixed in 70% ethanol were cut into 5mm sections and baked at 
105ºC for 12 hours.  The skeleton section was then analyzed using a radiograph micro-computed 
tomography instrument (Micro-CT), reconstructing a three-dimensional digital image of the 
skeletal section.  The x-ray source and detector settings were optimized for the greatest contrast, 
high-resolution imaging, and high-throughput analyses. This was done by placing each sample 
80 mm from the 0.5 magnification camera lens and 100 mm from the x-ray source, allowing a 30 
mm field of view and a pixel size of 30.0 µm, where specifications were manually chosen to 
allow the highest resolution possible while keeping the entire sample in the 30 mm field of view.  
For high-contrast images, the energy was set at 90kV and the power at 2 watts, with an exposure 
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time of 1 second.  The tomography was conducted at a 0.5º rotation step interval, resulting in a 
total of 721 images per sample (Figs. 26, 27). 
Amira 5.0 imaging software re-compiled the x-ray computed tomography images into a 
three-dimensional object that was then visualized and reconstructed.  High- and low-density 
skeletal bands shown in the reconstruction were manually cropped into separate images, 
according to the location of the corresponding bands shown clearly in the two-dimensional 
radiographs of each sample.  Each region of interest was manually selected and the total volume 
of the selected three-dimensional space was recorded.  All selected high- and low-density regions 
were treated with the same selection protocol, with strict referral to the density band 
identification and mapping in the two-dimensional x-radiographs.  Next, the aragonite and 
associated pore space in each skeletal sample were digitally identified and labeled.  Aragonite 
was identified as the voxels, three-dimensional pixels (1 pixel cubed), exhibiting absorption 
above an automated threshold that could be manually adjusted to accurately identify the skeleton 
versus the background or pore space.  The voxels below the designated absorption threshold 
were labeled pore space and those above were labeled aragonite.  The ratio of the volume of 
aragonite to pore space was then automatically quantified using the Amira “Measure Labeled 
Material” function, resulting in a measured volume of material, and recorded. The abundance of 
aragonite was then normalized to the recorded total volume of the successive high- or low-
density bands comprising the coral skeleton. This permitted changes in coral skeletal density 
between high- and low-density regions to be quantified for the first time in the spatial and 
ecological context of juxtaposed coral reef facies. 
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RESULTS 
  Volumetric ratios of aragonite to pore space were measured via three-dimensional 
radiographic computed tomography scans (CT-scan) of each skeletal sample.  The percent 
aragonite abundance represents the portion of the total volume of the sample that is occupied by 
aragonite. Orbicella annularis exhibited a mean composition of 61.225% (0.949794) aragonite 
in HDBs, 55.755% (1.966833) aragonite in LDBs, and 60.842% ( 1.581423) aragonite in the 
overall measurement of the mixed sample (Fig. 28).  O. faveolata exhibited 63.101% 
(0.949794) aragonite in HDBs 46.861% (1.966833) aragonite in LDBs, the lowest density 
LDB of the treatments, and 57.119% (1.581423) aragonite in the mixed measurement. O. 
franksii showed the most dense HDBs, with 65.857% (0.949794) aragonite, 54.241% 
(1.966833) aragonite in LDBs, and 59.4107% (1.581423) aragonite in the mixed sample.  M. 
cavernosa showed the most dense skeleton in the mixed measurement, 65.088% (1.581423) 
aragonite, but because no density bands could be consistently detected through the x-radiography 
and CT, no measurements could be made comparing density bands.  The percent increase in the 
abundance of aragonite from LDB to HDBs was also calculated to compare the relative change 
density between the two zones of differing density.   
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Figure 27.  X-radiography of 5mm-thick sections of Orbicella faveolata (or Orbicella faveolata, as now named 
by Budd et al., 2012) in 2-D (A, B), and 3-D (C).  Image A  (scale bar = 1mm) shows the interface of the HDB 
and LDB in high-resolution (spatial resolution of 1µm) x-radiography before computed tomography of the  
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(Fig. 27 contd.)  sample was conducted and three-dimensionally rendered (as shown in Image C).  This image 
shows the darker, denser, and thicker dissepiments in the HDB that comprises the lower half of the image.  
Image B (scale bar = 3cm) shows the two-dimensional x-radiographs that were taken of every skeleton biopsy 
sample.  Here, the bright white bands are higher density material.  Image C (scale bar = 3mm) shows the three-
dimensionally rendered object representing thousands of computed tomographical images taken via x-ray.  
This image is under-sampled so more clearly demonstrate the HDB and LDBs.  Where there is more coloration, 
or more colored voxels, there is more aragonite.  Regions that are thinly populated with colored voxels show 
regions of lower density.   
 
 
Figure 28.  The serial radiographs taken via microCT were then compiled and three-dimensionally rendered 
(figure first presented in Hill, M.Sc. 2010).  Aragonite and pore space could then be digitally labeled according 
to absorption thresholds of each material through image analysis (C).  The abundance of aragonite was then 
compared between LDBs and HDBs, and the overall density of the sample (mixed LDBs and HDBs) was also 
measured in O. annularis, O. faveolata, and O. franksii (now named O. annularis, O. faveolata, and O. franksii,  
as per Budd et al. 2012).  
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Figure 29. Skeletal samples from Orbicella sp. spanning three coral reef facies were analyzed for aragonite to 
pore space ratios as a proxy for skeletal density.  The percent aragonite was calculated in high density bands 
(HDB), low density bands (LDB), and from the entire sample, represented here as a ‘mixed’ sample.  Density 
bands from each location on the reef profile (BR = back reef; RC = reef crest; FRS = for reef slope) were 
quantitatively defined by measuring the percent increase in the abundance of aragonite from LDBs to HDBs. 
 
 
 
 
Table 1. The density and porosity of digitally excised density bands through micro-computed tomography and 
quantitative image analysis.   
Aragonite (%) φ (%)* Aragonite (%) φ (%)* Aragonite (%) φ (%)* Aragonite (%) φ (%)*
M. annularis 61.225 (±0.949794) 38.775 55.755 (±1.966833) 44.243 5.47 5.468 60.842 (± 1.581423) 39.518
M. faveolata 63.101 (±0.949794) 36.899 46.861 (±1.966833) 53.139 16.24 16.24 57.119 (±1.581423) 42.881
M. franksii 65.857 (±0.949794) 34.143 54.241 (±1.966833) 45.786 11.616 11.643 59.411 (±1.581423) 40.5893
M. cavernosa - - - - - - 65.088 (±1.581423) 34.912
*porosity (φ) and percent increase values were calculated from the measured aragonite values.  
Table 1. Density and Porosity of Digitally Excised Density Bands 
HDB LDB % Increase (calculated*) Mixed HDB + LDB Sample
 123 
DISCUSSION 
Quantitative image analysis yielded results tracking the pattern of skeletal density across 
a bathymetric gradient on the reef tract.  Data show the marked and distinguishable transition 
amongst these species described as morphotypes of O. annularis (Van Vehgel 1984, Van Duhyl 
1995).  These closely related species expressed measureable differences in skeletal density and 
density bands across reef facies where Orbicella sp. are the primary reef-builders. 
Although coral skeletons are widely accepted and utilized as paleoenvironmental records, 
precisely what climatological information is recorded in these biomineralized deposits has not 
been fully investigated (Veron 2000, Worum et al. 2007, Knutson 1972, Swart & Grottoli 2003, 
Swart et al. 1995). Coral skeleton records are invaluable oceanographic and SST information for 
future climatological modeling, yet the exact mechanism of skeletogenesis remains poorly 
known despite decades of extensive coral research. As previously mentioned, the IPCC’s 
synthesis report in 2007 has measured a 1ºC increase in SST over the past century and predicts 
average global surface warming of 4C, 8ºC increase at the poles, over the next century (IPCC, 
2007). Results from this study indicate that when sampling coral skeleton, the location of 
sampling must be done in the awareness of what types of bands, high density or low density, are 
included in the sample.  A mixed sample provides averaged climatological information archived 
in the skeleton, but sampling within density bands could elucidate larger fluctuations in 
temperature, upwards of a 5ºC influence (Moses et al. 2006, Swart 2003, 1996). 
Data shown in Figure 28 and Table 1 support these hypotheses, indicating that there is a 
difference in the perceived density of a coral if density bands are disregarded, as done in the 
mixed sample density measurements.  If the density change patterns not precisely observed, the 
inferred processes by which these changes occur may be misidentified, regardless of which 
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skeletogenesis model (abiotic or biotic) the researcher hypothesizes.  The graph shows that 
despite large measured changes in density between HDBs and LDBs, the ‘mixed’ densities from 
the three locales are constrained within 5% aragonite abundance across the three coral reef 
facies.  This data shows that the mixed sample densities do not represent the sub-annual 
fluctuations in density within one coral species, much less the detailed environmental and 
physiological information inferably recorded across the sampled spatial transect.  In order to 
fully elucidate the processes and mechanisms driving skeletal growth, the pattern of density 
banding must first be tracked and quantified, as this paper has endeavored to do.   
 
Density of HDBs Positively Correlates with Water Depth 
Perhaps the most important data set, are those showing a positive correlation between 
water depth and the measured density of HDBs, where HDBs were the densest in deeper water, 
on the fore reef slope. Next, O. faveolata precipitated HDBs with comparatively intermediate 
densities on the reef crest.  O. faveolata, represented the back reef, showed the lowest density of 
HDBs.  In total, density of HDBs increases basinward from the back reef, increasing 
incrementally across the reef crest and onto the fore reef slope.  The predictive quality of this 
observation alone marks a step forward in the endeavor to decipher the fossil record, where 
orientation in space and time is a ubiquitous challenge.  The characterization of density banding 
trends across reef facies offers a new method for identifying the exact positioning in the coral 
reef environment and particular fossil may have been precipitated – a conclusion that can be 
made based on radiography and analysis of the carbonate density bands of the sample in 
question.  Additionally, these measurements may be correlated to the porosity and permeability 
of a given carbonate package.  Three-dimensional spatial mapping of changes in density, 
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porosity, and permeability is unprecedented in studies of modern corals, an endeavor 
encountering even greater challenges in the analysis of ancient reefs. This particular data set 
offers the first step toward decrypting the coral fossil record, an ability that would grant further 
importance on the predictive quality of coral skeleton environmental records. 
To explain the mechanism by which HDB-density increases in greater water depth, we 
hypothesize that trophic plasticity employed by the coral organism alters the ingested carbon 
pool and internal carbon cycling of the organism.  Zooxanthellate corals - or those housing 
photosynthetic endosymbionts called zooxanthellae in the coral gastrodermal layer of tissue - are 
constrained to the tropics largely because of the dependence of the host and endosymbionts on 
light-harvesting and photo-synthesis to meet their metabolic needs.  The nutritive necessities of 
the coral host can be satisfied by the ‘autotrophic’ feeding mechanism provided through 
zooxanthellae photosynthesis. It has been shown that autotrophic-dependence in corals peaks 
during cooler seasonal SST, and affects the nature of the metabolites produced, used primarily to 
manufacture sugars (Anthony and Fabricius 2000, 2003; Rodolfo-Metalpa et al. 2008). Corals 
can shift into ‘heterotrophic’ feeding, where passive carnivory and ingestion of trapped 
particulate matter and bacterial colonies, for example, is achieved through consuming the coral’s 
own coral surface mucus layer.   
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Figure 30. Carbon-cycling model compiling data from this study, Hill M.Sc. Thesis 2010, and Piggot et al. 2009. 
This model shows the increase or decrease of targeted molecular and cellular components as they were 
measured in these two studies.  This model can then be used to infer the physiological state of the coral organism 
during the precipitation of HDBs and LDBs.  The aragonite density and porosity of coral samples can be used 
to back-model the environmental conditions influencing the coral organism at the time of carbonate 
accumulation/skeletogenesis.  Results from this study parameterize the geobiochemical conditions of coral 
skeletons, in situ, on the reef tract, under known environmental conditions (light, temperature, WD, 
visibility/sedimentation, pollution, air temperature, etc).  This model is exemplifies what precise data can be 
extracted from, in this case, O. faveolata skeletal samples or core.   
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Anthony and Fabricius (2000) found that the fate of carbon fixed through heterotrophic 
feeding is in producing fats and proteins, larger more complex compounds.  The timing of this 
shift can be correlated with the formation of density bands, inferring a cascading physiological 
shift during small seasonal increases or decreases in SST (Fig. 29; Piggot et al. 2009).  
Heterotrophic feeding is correlated with HDB formation in high SST, and autotrophic feeding 
coincides with LDB formation in low SST.  These observations coupled with the data from this 
study, support the hypothesis that the deeper water corals found on the fore reef slope may 
depend more heavily on heterotrophy. Because light is attenuated quickly in seawater, light-
harvesting may not be optimized at these depths where transmittance of the photosynthetically-
active radiation (PAR) spectrum is reduced, likely reducing the photosynthetic efficiency of the 
zooxanthellae.  As water depth decreases zooxanthellae are afforded maximum light exposure, 
perhaps allowing autotrophic domination.  In summary, the hypothesized shift toward 
heterotrophy, resulting in energetically dense metabolites, in deeper waters may be correlated 
with the trend toward increased skeletal density observed in the HDBs across the three reef 
facies.   
The next data set of interest is the trend of the LDBs, where minimum density is found at 
the reef crest in O. faveolata.  The data collected in this study support the following hypothesis:  
The low density exhibited by O. faveolata LDBs may be a product of a taxed carbon pool within 
the coral animal. O. faveolata expresses photoprotective chromatophores (pigment cells 
containing fluorescent compounds shown to absorb harmful irradiation that may cause oxidative 
stress to the coral and endosymbionts), but zooxanthellae are still in high numbers and 
efficiency, but perhaps not as photosynthetically efficient as O. annularis in the shallow water 
back reef.  Data suggest that O. faveolata maintain the large carbon expenditure required for 
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chromatophore production, but also exhibit increased levels of light-harvesting chlorophyll-α – a 
compensation mechanism in lower light conditions.  Thusly, Orbicella sp. on the reef crest may 
exhibit the lowest density bands because they are both employing photo-protective strategies and 
conversely exhibiting symptoms of sub-optimal light exposure, in an attempt to optimize light-
harvesting capabilities.  The outcome of these physiological responses to attenuated light in a 
still shallow-water environment is a smaller carbon pool allocated to skeletal precipitation during 
seasonal autotrophic shifts.   
To continue this progression toward carbon expenditure versus carbon fixation, it can 
also be offered that the trend in HDBs can be explained through the measured trend in 
chromatophore expression between shallow water and deeper water Orbicella sp. 
Chromatophores were shown in previously described analyses (Chapter Two, this document). 
Although not measured in this study, it could be postulated that O. franksii, dominant in even 
deeper water, would expectedly express even fewer chromatophores than the measured shallower 
water species. When coupled, these data indicate a negative correlation between the expression 
of chromatophores and the density of HDBs, where chromatophores would offer a competing 
carbon sink.   
All in all, the specific trends in density banding formation can be directly correlated with 
measured physiological changes employed by the coral organism to optimize light harvesting of 
its essential facultative mutualist, the zooxanthellae.  The mechanism affecting coral 
skeletogenesis across these facies is the carbon-cycling controls, ultimately indicting trophic 
strategies as the major controller of the composition and structure of the skeleton.  
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The Effects of Seafloor Diagenesis on Coral Skeleton and Density Banding 
Early seafloor diagenesis of coral skeletons has been documented to occur through the 
following mechanisms:  (1) endolithic microorganismal colonies, which have been shown to 
facilitate nucleation of secondary precipitates in the form of aragonite, calcite, brucite, and other 
minerals (Kandianis et al. 2007; Nothdurft et al. 2007; Webb et al. 2008; Buster and Holmes 
2006; Schroeder, 1972); (2) bioerosion by boring sponges, that chip away original skeletal 
minerals that are sometimes recrystallized in syntaxial, isopachous cement; (3) cements, most 
commonly in the form of brucite, aragonite, and calcite (Le Campion-Alsumard et al. 1995b; 
Enmar et al. 2000; Hubbard 1972; Hendy et al. 2007).  Hubbard documented secondary 
aragonitic crystallization between the major structures of the coral skeleton.  Syntaxial 
overgrowths composed of acicular aragonitic bundles have been observed in recently polyp-
vacated regions of the skeleton (Le Campion-Alsumard et al. 1995a).  All together, it has been 
found that corals inhabiting the sub-tidal environments, as Orbicella sp. do, are much less 
affected than their analogues in the Great Barrier Reed found in ponded low-tide pools or sub-
aerially exposed (Webb et. al, 2008).  The most common diagenetic alterations of subtidal coral 
colonies is acicular aragonitic cements, brucite cements (needle cements and aragonite needle 
cements are often found in close association, and can be removed through acid etching of the 
sample), and microbial borings.  Barnes and Lough (1993) found that borers can dissolve enough 
calcium carbonate in the skeleton to decrease the skeletal density by up to 8-9% in microbial-rich 
bands.  These bands appear as grey or green in color, apparent to the naked eye (Le Campion-
Alsumard et al. 1995a).  Interestingly, these studies hypothesize that microbial boring occurs in 
higher incidence when skeletal extension slows.  These regions could then either be more 
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cemented or destroyed depending on the effect of the presence and type of invading endolithic 
organisms.   
 The issues of diagenesis can be simply addressed during research of the coral skeleton 
because exogenous cements, exopachus or epitaxial cements, and effects of post- or syn-
depositional microbial borings can be easily identified through petrographical investigative 
techniques.  The cements may be used to reverse-engineer the environmental conditions, such as 
times of higher stress or lower growth rates.   
 
CONCLUSIONS 
These hypotheses target the mechanisms driving coral skeletal growth.  This study has 
documented clear trends in skeletal density banding formation across a physical space, marking 
the transitions between three coral facies. Results from this study were directly linked to a 
specific measureable physiological condition - the production of chromatophores (carbon sink) 
and photosynthetic nutritive contribution (carbon source), supporting the authors’ over-arching 
skeletogenesis hypothesis:  The rate of coral skeletogenesis is mediated by the coral 
physiological response to the primary environmental factors, light and temperature.  The 
quantitative analysis of density bands standardizes the identification of these banding patterns. 
Data inform the supporting hypothesis that corals are archivists of detailed, sub-annual 
environmental information, that can now be contextualized in space (positioning on the reef 
profile, and resulting water depth and exposure to light) and time (timing of density banding has 
been constrained to specific seasons).   
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CHAPTER 4:  A New Model for the Genesis of Skeletal Density Banding: 
Enzymatic Controls of Skeletogenesis 
 
 
ABSTRACT 
Conclusions from this research study offer a new explanation of the mechanisms driving 
coral skeletal density banding in Orbicella species.  Changes in skeletal density correlate with a 
complex series of compensations in the carbon pool of the coral holobiont.  Foremost, it is 
hypothesized here that low-density regions of the coral skeleton are formed during the steady-
state coral-symbiont existence and are thusly recommended as the targets of isotopic analyses for 
paleoclimatological studies.  New evidence for this hypothesis is the quantification of changes in 
the expression of key cellular and molecular components including the abundance of photo-
protective chromatophores and photosynthetic and symbiotic zooxanthellae across a seven-meter 
change in water depth. This new data is considered in the context of the preceding studies, 
presented in the Hill M.Sc. Thesis 2010 and Piggot et al. 2010, which measured the up-
regulation in carbonic anhydrase and mucocytes and the down-regulation of zooxanthellae and 
gastrodermal mucus (associated with zooxanthellae), and lastly, no change in the calcium-
binding protein, calmodulin, all over a 3°C increase in SST on the island of Curaçao.  
 
INTRODUCTION 
Major questions persist regarding the timing, rate, and mechanism of the evolution and 
radiation of modern Scleractinians, the order of reef-building hard corals. It is possible that the 
extant species of today’s reefs evolved during a time of large-scale ecological disturbance, 
following the Earth’s most devastating mass extinction event, at the Permian-Triassic boundary, 
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251 Ma.  During the present time of looming climatological change, the predictive power of 
understanding how the reef systems responded to environmental change or stress in geologic 
history may prove vital in conserving Earth’s remaining coral reef systems.  It is hypothesized 
that coral survival is enabled by, if not dependent upon, the endosymbiosis they have developed 
with an algae-like dinoflagellate, the photosynthetic zooxanthellae, now housed in the inner 
layer, or gastroderm, or coral tissue.  This facultative mutualism, as it is presented here, is 
hypothesized to have facilitated the early success of modern corals and may be a primary 
controller of coral heterotrophic-autotrophic plasticity, as well as a major influence on the rate of 
skeletogenesis. The results of this study supply the first three-dimensionally quantitative 
characterization of the endosymbiotic relationship, and indicate a highly specific and plastic 
strategy to optimize the light exposure experienced by the photosynthetic zooxanthellae. An 
integrative approach, combining multi-photon confocal microscopy, quantitative image analysis, 
and statistical modeling was used to characterize the coral-zooxanthellae relationship. 
 
SYNTHESIS OF RESULTS 
Coral Holobiont Parameterization 
 The skeleton is composed of acicular (needle-like) bundles of aragonite, precipitating 
below the epithelium called sclerodermites (Cuif and Dauphin, 1998; Gladfelter, 1983).  The 
diameter of the aragonite needles ranges from several hundred nanometers to a few micrometers. 
The needles grow together in a three- dimensional fan formation around a center of calcification 
rich in sulfated polysaccharides and of organic origin (McConnaughey 2003).   
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DISCUSSION 
Previous Models and Unresolved Questions 
Coral skeleton accumulations have been argued to be primarily the product of either: 1) 
abiotic processes in SW such as temperature and carbonate saturation state; or 2) biotic processes 
such as organic matrix formation, where all skeleton crystal bundles are precipitated in a 
hydrated organic compound and active transport of ions occurs across the calicoblastic 
epithelium, creating a sink for carbon dioxide in coral tissue (CO2; (Chalker and Taylor, 1975; 
Cohen and McConnaughey, 2003; Cuif et al. 2004; Cuif and Dauphin, 2005; Le Tissier, 1991). 
The arrangement of these crystal bundles is similar to that of common inorganically grown 
spherulitic crystal morphologies (Barnes, 1970; Gladfelter, 1983; Gladfelter, 1984).  This 
spherulitic morphology is consistent with crystal growth that occurs rapidly from a large, quick 
temperature change, which incites abiotic controls of coral skeletogenesis (Cohen and 
McConnaughey, 2003). This physicochemical model is further supported by the variation in 
needle width observed; wider needles are exhibited by slower growing genera and narrower 
needles precipitate from the faster growing genera of corals (Barnes, 1970). Other evidence of 
abiotic influence on coral skeletogenesis is that increased temperature increases the calcification, 
which could be an inorganic explanation for the increase in skeletal density during warmer SST 
(Reynaud et al., 2007). These observations support the possibility that some characteristics of the 
coral skeleton are permitted through inorganic processes and detract from a solely biologically-
mediated skeletogenesis model.   
Other models suggest biological mediation of the precipitation of aragonite.  An organic 
matrix is secreted by the epithelium and is comprised of a framework of glycoproteins, aspartic- 
and glutamic-rich proteins, and sulfated polysaccharides. The calicoblastic epithelium may 
 140 
employ either inhibitory or facilitative control over nucleation events through molecular 
constituent variation, altering the concentration of anions/cations (Helman et al., 2008).  The 
presence of an organic substrate, like mucus, has been shown to increase the rate of aragonite 
precipitation both in mollusks and hot spring systems (Cohen and McConnaughey, 2003; 
Kandianis et al., 2008).  Coral mucus has some similarities to exopolymeric substances (EPS; the 
coral analog of which is referred to in coral literature as EMS, or extracellular mucus substances) 
excreted by microbes, where weakly acidic proteins and carbonhydrates are implicated in a 
process termed EPS-controlled organomineralization (Reitner, 2005).  The carboxylate (COO-) 
rich, acidic proteins within coral mucus form peptides into β-sheet structures, which are flat, 
mono-layer proteins studded with organized carboxylate groups spaced distinct distances apart.  
Divalent cations can then bond to the carboxylate anions, forming an interface that is becomes 
the crystal base plane (001 plane; Reitner, 2005).  The coincidence of aragonite crystal 
nucleation and the pattern of proteins indicted mucus as the ultimate blueprint for aragonite 
precipitation in Reitner’s geobiological study.  Furthermore, Cuif et al. 2004 fortified the 
importance of biomediation models of skeletogensis by characterizing the physical and chemical 
relationship between the site of nucleation  (tracking the juxtaposition of bundles of 0.10 
nanometer-size crystals and the ‘hydrated organic phase’ or ‘hydro-organic gel’ through Atomic 
Force Microscopy).  Cuif et al. describe a more complex relationship between the organic matrix 
and the centers of calcification, where packets of nanograins of aragonite are interwoven and 
surround by a matrix of organic compounds.  Even more importantly, this paramount study 
suggests that it is the inextricable relationship of the organic matrix and skeleton that renders the 
product resistant to diagenesis and thermal degradation (Cuif et al. 2004). The structure and 
composition of the mucus matrix are generally cited as genetically controlled, but metabolically 
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mediated; the mechanisms of this biological control remain completely unknown (Reitner, 2005; 
Davy et al. 2008).   
Another indication of biologically controlled calcification is a light-enhanced 
calcification model, where diurnal cycling in the rate of precipitation of coral aragonite effects an 
increase in calcification during the day, and a decrease, but not cessation, during the night. A 
Ca2+-ATPase pump facilitates the transport of calcium ions (Ca2+) across the calicoblastic 
epithelium, which shuttles Ca2+ into the calcifying space in exchange for two protons.  This 
influence was supported through the observation of decreased [Ca2+] when the Ca2+ ATPase 
enzyme was inhibited (Kingsley and Watabe, 1985).  This pump is light activated and shuts 
down during the night.  However, it has been implied that the availability of Ca2+ in this process 
is a non-rate-limiting step, where changes in calcium concentrations instigate little change in the 
rate of precipitation in of coral skeleton (Tambutte et al., 1996).  The Ca2+ cycling offers 
additional evidence for biotic control, where the saturation state of aragonite in the calcifying 
space beneath the calicoblastic epithelium can reach up to 100x that of normal SW, allowing 
precipitation of aragonite in corals at an increased rate by a similar factor.  Additionally, the 
metalloenzyme carbonic anhydrase (CA) has been implicated as a mediator of a rate-limiting 
step in a carbon-limited system, as coral skeletogenesis may be, by facilitating the hydration of 
CO2 into HCO3
- (Tambutte et al., 1996).  CA plays a similar role in many other organisms, 
exhibiting facilitative effects during calcification processes (Erez, 1978; Goreau, 1963; Jackson 
et al., 2007; Tambutte et al., 1996).  Lastly, the isotopic composition of the coral skeletons 
indicates kinetic fractionation of oxygen and carbon, as opposed to fractionation due to isotopic 
equilibrium with SW (McConnaughey et al., 1997).  Both 13C and 18O are depleted in the 
skeleton with respect to SW (Swart et al., 1995; Swart et al., 2004). The exchange of oxygen 
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between H2O and HCO3
- may be the slowest step in crystal-SW equilibrium and oxygen may fail 
to equilibrate during the rapid precipitation of aragonite (McConnaughey et al., 1997).  The 
difference in isotopic composition between oxygen in the CaCO3 of the skeleton and the H2O of 
the SW implies that the carbonate ion was not supplied by SW, nor was there time enough to 
reach equilibrium (Adkins et al., 2003). 13C is also depleted in the skeleton with respect to SW, 
containing much less 13C than aragonite in equilibrium with dissolved inorganic carbon (DIC) in 
SW, likely due to the kinetic discrimination during conversion of CO2 to HCO3 (Adkins et al., 
2003; McConnaughey et al., 1997; Swart et al., 1995). These observations suggest a biological 
influence on the precipitation of aragonite in the coral animal.   
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Figure 31.  This illustration is modified from Davy et al 2008 (Top) and Allemand et al. 2007 (Bottom) shows 
the physiological exchange of ions and molecules across the calicoblastic epithelium. This model illustrates the 
biological control, and active transport of bicarbonate ions into the calcifying space, as well as the enzymatic 
facilitation of the carbon dioxide into bicarbonate by carbonic anhydrase (CA).  The model also illustrates how 
pH can be moderated during the exchange of calcium ions for hydrogen protons at the skeleton-tissue interface.   
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Figure 32. Carbon-cycling model compiling data from this study, Hill M.Sc. Thesis, 2010,  and Piggot et al. 
2009. This model shows the increase or decrease of targeted molecular and cellular components as they were 
measured in these two studies.  This model can then be used to infer the physiological state of the coral organism 
during the precipitation of HDBs and LDBs.   
 
 
Figure 33. Bathymetric profile showing coral reef facies.  Sampled facies included the back reef, reef crest, and 
fore reef slope.  Orbicella annularis is constrained primarily to the Back Reef depositional environment, and 
was sampled in ~5m water depth (WD), O. faveolata to the Reef Crest, and sampled in ~ 12m WD, and O. 
franksii to the Fore Reef Slope, and sampled in ~20m WD.    
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Physiological Modeling Established by Piggot et al. (2009) 
Piggot et al. (2009) developed and applied an effective method for immunohistochemical 
targeting of the cellular constituents of coral tissue in situ, followed by image analysis yielding 
the quantification of cellular densities. This technique does not require the maceration of tissue, 
nor the destruction of the structure of tissue, but only the careful histological sectioning to the 
target horizon within the polyp, followed by immuno-labeling with appropriate primary and 
secondary antibodies. As a result of the analyses conducted in Piggot et al. (2009), a depth of 800 
microns from the top of the polyp was chosen in the present study as the polyp tissue depth 
horizon that is most sensitive to change in SST and irradiance. 
Piggot compiled his data tracking the cellular densities of zooxanthellae and ectodermal 
mucocytes, which expel mucus forming the coral surface mucus layer, over a 2°C SST change 
(samples from May and September, Playa Kalki, Curaçao).  He modeled the data as seasonal 
fluctuations, overprinted on the SST curve of Curaçao, tracking a decrease in the density of 
zooxanthellae and an increase in mucocyte density over the 2°C increase in SST.  The major 
hypotheses of the papers cite seasonal heterotrophic-autotrophic switching cued by temperature, 
the implicated key environmental parameter, where heterotrophy satisfies the nutritive 
requirements of the coral host when zooxanthellae densities are diminished.  The techniques and 
resulting data and hypotheses presented by Piggot et al. formed the platform upon which this 
study was founded.  This study utilized the same approach Piggot et al. 2009 established, but 
focused on explaining the outstanding questions regarding skeletogenesis and density banding in 
the Orbicella species complex.  Additionally, this study aimed to quantify the abundance of 
molecular and cellular components alike, through rigorous and repeatable methodology, adding 
to the existing qualitative data, such as thost found in Moya et al. 2008, which immuno-localized 
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carbonic anhydrase in the calicoblastic epithelium.  The concepts of the physiological modeling 
presented by Piggot et al. were applied to a new, but not exclusive, problem: the biomediation of 
coral density banding and skeletogenesis.   
 
A Model for Adaptive Response: Carbon-Cycling in the Coral Holobiont  
This study tracked significant changes in the carbon pool of the coral holobiont over 
small changes in irradiance and SST experienced by the coral and zooxanthellae on the leeward 
reef tract of Curaçao.  Because the translocation, reverse translocation (from symbiont to host), 
and even the species of metabolites involved in the coral system are still completely unknown, 
the cellular physiology approach of this study lessens void in coral research (Allemand et al., 
2004; Davy et al. 2008).  Identifying and quantifying the expression of cellular and molecular 
components (i.e., chromatophores and zooxanthellae in this study, calmodulin, carbonic 
anhydrase, mucus and zooxanthellae in Hill M.Sc. Thesis 2010) in the context of aragonite 
precipitation and density banding and changing environmental parameters (light and SST), not 
only identifies the key players in carbon cycling and skeletogenesis, but models how these 
biological and non-biological factors interact over time (seasonally) and space (position on the 
reef tract).  This study proposes that the steady-state of the coral holobiont is one where 
irradiance is abundant but not harmfully causing oxidative stress, the coral is feeding 
autotrophically through the photosynthetic activity of the symbiotic zooxanthellae as indicated 
by an increased number of zooxanthellae, carbonic anhydrase and mucocytes are less abundant, 
mucus-associated with the symbiont is increased as an indication of photosynthetic activity or 
healthy coral-zooxanthellae association (surface recognition mechanism), when the low density 
bands accumulate in the coral skeleton during lower (by maximum of 3°C) seasonal SST.  The 
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author hypothesizes that this is in contrast to the state of stress that is indicated during higher 
SST, when mucocytes are more abundant, zooxanthellae are fewer in number, carbonic 
anhydrase is up-regulated, a heterotrophic feeding strategy is employed, high-density bands 
precipitate, and the coral organism is preparing or recovering from its blitz krieg reproductive 
strategy. Evolutionary success of an organism depends on successful reproduction.  It is the 
correlation of the timing of the measured cellular and molecular changes, the formation of high 
density bands (as they are ‘normally’ formed), and feeding strategy switching to heterotrophy 
and coral spawning that has led to the development of the autotrophic coral-zooxanthellae 
steady-state hypothesis presented above. As described previously in this paper, heterotrophic 
feeding has been correlated with the coral’s ability to construct more complex molecules, such as 
proteins and lipids; these types of molecules and energy-dense sustenance is logically required 
not only directly during coral spawning, but during the production of gametes leading up to the 
spawning event, and during recovery and replenishment following the event.  It is hypothesized 
therefore that high-density bands are formed during a state of stress and low density bands are 
formed during healthy and normal coral conditions.   
 This has implications for the usage of density bands during paleoclimatological studies, 
suggesting that low-density bands are utilized for such studies, and high-density bands are 
regarded as abnormal carbonate accumulation, incorporating possibly anomalous isotopic and 
organic components into the skeleton.  This is also proposing that not only are high density 
bands formed during a time of stress, as previously stated, but that any type of stress that affects 
one of the key components measured in this study or elsewhere, could induce a period of 
increased carbonate accumulation and the resulting high density band.  Then, this implies that 
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high-density bands may not be the regular chronometers they were once regarded to be, where 
any stress event may induce the formation of a HDB.  
 Results from this study demonstrating no change in the abundance of the membrane-
bound calcium binding protein, calmodulin, utilized as a proxy for calcium availability, are 
consistent with previous work that indicates calcium availability is a non-rate-limiting step in 
coral skeletogenesis and that it is actively transported across the calicoblastic epithelium through 
the light-activated Ca2+-ATPase pump (Allemand et al., 2004; Cohen and McConnaughey, 2003; 
Tambutte et al., 2007a).  The abundance of calmodulin, a CaBP, did not change in response to 
changes in seasonal SST, suggesting that the availability of calcium remains relatively constant 
seasonally, and may be temperature-independent.  If calcium is readily available for 
skeletogenesis, it may be inferred that an increase in the Sr/Ca ratio in coral skeletons in 
response to temperature is not a result of decreased calcium concentrations in seawater, but of 
possible biotic controls of aragonite saturation state (Cohen and McConnaughey, 2003; 
Mitsuguchi et al., 2003; Swart et al., 2002).  
Finally, the significant increase in carbonic anhydrase measured during increased 
seasonal SST is the first quantitative analysis of the enzyme as it responds to changing 
environmental factors. An anti-body developed by the research group at the Centre Scientifique 
de Monaco, anti-STPCA - manufactured from an isolated peptide from Stylophora pistillata, 
provided the required immunohistochemical specificity to study this enzyme in corals (Jackson 
et al., 2007; Moya et al., 2008; Tambutte et al., 2007b).  It is known that the function of carbonic 
anhydrase (CA) is to facilitate the hydration of CO2, which is the rate-limiting step in conversion 
of CO2 to carbonate (CO3
-2) during skeletogenesis (Allemand et al., 2004; Tambutte et al., 1996; 
Zoccola et al., 2004). We hypothesize here that the measured up-regulation in carbonic 
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anhydrase expression catalyzes an increase in the rate of skeleton calcification during increased 
SST.  The accelerated rate of the reaction H2O + CO2  HCO3- + H+  could then cause an 
accumulation of protons in the calcifying space.   A hydrogen ion gradient initiates or facilitates 
the Ca2+-ATPase pump, subsequently shuttling calcium ions from the calicoblastic epithelium to 
the site of calcification.  The increase in the abundance of carbonic anhydrase may be a 
compensatory response to an accumulation of CO2 in coral tissue during times of decreased 
photosynthetic activity when there are fewer zooxanthellae residing in coral tissue, all of which 
coincides with warmer SST (zooxanthellae densities measured in Hill, M.Sc. Thesis, 2010, and 
Piggot et al. 2009).  It should be noted that the degree to which zooxanthellae uptake respired 
CO2 versus DIC from seawater remains a topic of debate (for a review on the topic, see Davy et 
al., 2008).  Furthermore, the metabolites and mechanisms by which those metabolites are 
transported have not yet been identified in coral research.  This accretion of CO2 may warrant a 
rapid increase in calcification to deplete the [CO2] in the tissue, and instigates an increase in the 
abundance of the carbonic anhydrase enzyme that facilitates this process. HDB formation 
represents the final step of carbon sequestration in the coral holobiont, where the up-regulation 
of carbonic anhydrase promotes higher calcification rates during seasonal SST highs.  The 
hypothetical series of events and feedback loops presented here comprise the basis of the 
hypotheses present at the beginning of this section.   
Because carbonic anhydrase is seemingly indiscriminate with respect to the source of 
CO2, it could be up-regulated in response to increases in both respired CO2 and dissolved 
inorganic carbon (DIC) in the water column (Moya et al., 2008; Smith, 1973; Swart et al., 2004). 
An alternative explanation for the increase in CA during higher SST is that this response 
represents the coral’s compensation mechanism for lower partial pressures of CO2 in the water 
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column.  Global seasonal fluctuations in the atmospheric [CO2] decrease during the warmer 
months and are associated with lower concentrations of DIC in the water column (NOAA, Mean 
annual data, Mauna Loa, HI).  Newly recorded declines in global seawater pH as a result of 
increasing atmospheric CO2 may also play a role in this process (National Research Council 
2010). Since DIC, as well as respired CO2, can be incorporated into the skeleton, increased 
abundance of carbonic anhydrase may be a compensation mechanism for decrease carbon 
availability for skeleton formation. This responsive mechanism would allow the coral to drive a 
reaction that may not occur rapidly enough for sustained aragonite precipitation when carbon 
availability is limited.  It may therefore be postulated that an increase in carbonic anhydrase 
correlates with decreased [CO2] in the ocean. However, this pivotal concept requires significant 
further research to substantiate this hypothesis on the simultaneous effects of increased SST and 
[CO2]atm, on coral tissue enzyme abundance and activity – a sensitive system that demonstrates 
sensitive biotic response to environmental conditions recorded in the skeleton during HDB 
formation.  
The image analyses in the present study, which were modified from Piggot et al. (2009), 
permit an objective selection of immuno-labeled components using a threshold of fluorescent 
intensity. In the developed technique, the area of all pixels exhibiting the range of selected 
intensities was totaled to quantify the total area occupied by that particular tissue cell constituent.  
This methodology has resulted in the first quantitative documentation and comparison of the 
localization and abundance of spatially in situ zooxanthellae cells, mucus, calmodulin (CaBP) 
protein and carbonic anhydrase. 
Zooxanthellae decreased in abundance during high SST, which is consistent with previous 
research on the response of zooxanthellae densities to changes in SST (Coles and Jokiel, 1977; 
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Marubini and Davies, 1996; Piggot et al., 2009; Rowan 2004) (Fig. 10).  This decrease in the 
density of zooxanthellae may be associated with a decrease in the rate of photosynthesis 
executed within the coral tissue, and thus, a decrease in the usage of respired carbon dioxide. An 
accumulation of respired CO2 in coral tissue would then create an increased [CO2] gradient 
across the calicoblastic epithelium, initiating diffusion or active transport of carbon across this 
membrane. This is consistent with observations that photosynthesis uses available CO2, 
decreasing aragonite saturation state in the calcifying space between the calicoblastic epithelium 
and the skeleton (Smith, 1973). The transport of CO2 into the calcifying space would result in the 
accumulation of protons and could then initiate the Ca2+-ATPase pump.  The Ca2+-ATPase pump 
shuttles calcium to the site of precipitation in exchange for protons (Chalker et al., 1986; 
Kingsley and Watabe, 1985). During low SST, zooxanthellae increase in number and the coral’ 
nutritive needs are met through byproducts of zooxanthellae photosynthesis. This feeding 
strategy is auto- or photo-trophy.  During high SST when zooxanthellae decrease in number, the 
coral undergoes a trophic shift (Anthony and Fabricius, 2000; Piggot et al., 2009). High SST is 
correlated to heterotrophic feeding, when coral gain energy from ingestion of the mucus surface 
layer containing commensal bacteria and trapped organic matter from SW, as well as carbon 
derived from passive carnivory.  Trophic plasticity in corals is expected to influence calcification 
of the skeleton, where heterotrophy and high SST is correlated with the precipitation of a denser 
skeleton (Anthony and Fabricius, 2000).  The decrease in zooxanthellae may mark a seasonal 
change in the carbon cycling within the organism, and may cause an accumulation of CO2 in the 
tissue, ultimately resulting in more available CO2 for the precipitation of the calcium carbonate 
skeleton (McConnaughey et al., 1997). It is also possible that this accumulation of CO2 may be 
toxic to the coral animal. Therefore, an increase in the precipitation of the aragonitic skeleton 
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could not only be a by-product of increased availability of carbon, but may also be a seasonal 
coping mechanism  
 
Density Bands are Quantitatively Defined 
This study endeavored to provide a reproducible, quantitative criterion upon which to 
identify density bands in coral skeletons.  Because banding in fossilized corals has such 
important predictive power in the archived information spanning millions of years of 
environmental data, it is crucial that bands can be systematically identified during analysis of 
coral skeletons.  Results not only inform the carbon-cycling system by defining the rate of 
skeletal accumulation of ultimate carbon sink in the coral holobiont – the skeleton, but also offer 
the first quantitative definition of a density band.  The measured 11% increase in density, marks 
the increase in the rate of skeletogenesis from LDB formation to HDB, and is correlated to the 
previously discussed biological rate controls as they are influenced by seasonal SST change.   
 
Benefits of Endosymbiosis Outweigh the Energetic Costs 
The explosion of Scleractinian corals in the Mid-Triassic fossil record is evidenced by the 
discovery of myriad skeletal fossils. The fossil record demonstrates highly integrated colonies 
that are widely diverse and differentiated (Stanley 2002). This variety and complexity requires a 
phylogenetic and environmental explanation of the controllers of coral skeletogenesis because of 
its seeming suddenness and appearance at such a turbulent and difficult time for survival. 
Because the exact mechanism of Scleractinian coral skeletal precipitation has yet to be 
determined, this is a moving target for researchers.  However, previous work by this group has 
indicated that the coral animal is the primary controller of the rate of calcification, but influenced 
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by environmental parameters. As such, the coral animal had to have successfully evolved a 
mechanism to produce its skeleton, rather than the aragonite skeleton abiotically precipitating out 
of seawater under the appropriate ocean geochemistry, but out of their direct control. 
 One of the major questions in coral phylogeny is: when and in what environment did 
endosymbiosis develop?  Because the zooxanthellae are not genetically integrated and vertically 
transferred amongst generations, molecular data cannot yet inform this question. It has been 
hypothesized that the development of the skeleton coincides with the onset of coral-
zooxanthellae symbiosis, based on isotopic analysis of particularly well-preserved Triassic 
Scleractinians.  We hypothesize that the endosymbiotic experiment could have been run much 
sooner to solve a more immediate problem: survival in an oligotrophic, nutrient-poor 
environment.  Directly preceding the Mid-Triassic is the aforementioned 14 million year span of 
presumed perturbation and ecological disturbance, where enormous periodic anoxic events are 
hypothesized to have plagued the Tethys Sea in which the Scleractinians emerged.  Under this 
assumption, it likely would be difficult for a sessile heterotrophic organism to secure a stable 
nutritive source during this period.  Additionally, if ocean anoxia was prevalent, this offers an 
obvious instigator for the coral-zooxanthellae symbiosis, where the symbiont acquires inorganics 
that would otherwise be excreted by the host, and in this case, would gain the eventual 
physiochemical protection, and where the coral animal benefits from a reliable source of fixed 
carbon and an additional source of oxygen.  Although the photo-protective mechanisms observed 
in this study are a costly energetic expenditure for the host, the benefits of this cooperation could 
have been the singular reason a coral could have evolved during, albeit without skeleton, an 
environmentally tumultuous and evolutionarily catastrophic period in Earth’s history.   
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 Evidence for this hypothesis lies in the correlation between light-optimization strategies 
and skeletogenesis.  The two primary components for the skeleton are calcium (Ca2+) and 
carbonate (CO3
2-).  It has been shown that calcium availability and translocation is not the rate-
limiting step in skeletal precipitation, but that light-activated carbon translocation controls 
skeletal precipitation. Calcium and carbon are actively transported transcellularly into the 
coelenteron (calcifying space) by he coral in preparation for skeletogenesis.  The Ca2+-ATPase 
pump, which shuttles calcium ions across the calicoblastic epithelium, is light-activated, so this 
non-rate-limiting step in skeletogenesis would be up-regulated when light-optimization is 
achieved by the coral-zooxanthellae system.  This phenomenon is observed in other organisms as 
well, where, for example, blue light activates calcium permeable channels in Arabidopsis.  
However, the rate-limiting step is addressed when carbon can be adequately assimilated, 
translocated, and possibly transformed into a useable form, here bicarbonate (HCO3
-) and 
ultimately carbonate (CO3
2-).  This study hypothesizes then that endosymbiosis enabled the coral 
holobiont to fix carbon at a rate that allowed skeletal precipitation under certain geochemical 
conditions of seawater. These geochemical parameters, such as aragonite saturation state and pH, 
are drastically manipulated by the organism – the aragonite saturation state in the calcifying 
space have been shown to reach 100x that of seawater – but during these inhospitable oceans, it 
is easily imaginable that ocean chemistry could have thermodynamically inhibited 
skeletogenesis. Furthermore, if we assume the coral-zooxanthellae association preceded the 
development of the skeleton, then the advent of highly differentiated Scleractinians could have 
occurred because Earth’s tropical oceans had finally reached a geochemical balance allowing 
aragonite precipitation. This is to say that they coral-algal endosymbiosis readied the organism 
for skeletal precipitation before it was chemically permitted by environmental controls, and can 
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hypothetically explain the sudden appearance and abundance of hard skeleton-growing corals in 
the fossil record.   
 
Predictive Capabilities of Identifying Density Banding in Modern and Ancient Coral Species 
Results and interpretations from this study underscore the importance of standardizing 
the criteria by which a density band is identified.  This method is lacking from coral research, 
despite importance in its application to interpreting the paleoecology and characterizing rock 
packages across coral reef facies.  Additionally, isotopic compositional analysis of density 
banding in coral skeletons have begun to yield high-resolution climate reconstructions, tracking 
monthly fluctuations in SST, on coral heads hundreds of years old.  Data from this study 
supports this precise sampling methodology, where density bands are considered important 
contextual parameters during sampling for isotopic analysis and x-radiography.   
 Additionally, this study shows that measuring the density change from LDBs to HDBs 
informs both proper and accurate species identification as well as spatial positioning on the reef 
tract.  Orbicella sp. are arguably one of the least precisely identified species complexes, where 
the genus and species name Orbicella annularis is applied liberally to small polyp (2-3mm in 
diameter), mounding star corals found in the fossil record. Because of phenotypic plasticity 
allows colony morphology to range from columnar to boulder to plated (or flattened into plates), 
species identification can presumably be very difficult.  We have identified the a specific 
distribution of these species that indicates that the three sampled species, O. annularis, O. 
faveolata, and O. franksii are found primarily in the Back Reef, the Reef Crest, and the Fore 
Reef Slope depositional environments, respectively.  This ecological information coupled with 
the first quantitative definition of the density changes between the LDBs and the HDBs of these 
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species provides the conceptual and methodological structure for deciphering the coral fossil 
record.  If applied rigorously and methodically, this approach has the predictive capabilities of 
navigating through ancient carbonate deposits by specifying the location of a coral head within 
the coral reef depositional facies as defined by Wilson (Fig. 32).  For example, if the density 
bands of neighboring fossilized coral species are analyzed in the method described in this 
chapter, the basinward or landward direction could then be inferred.  Results from this study 
suggest that in Orbicella sp., an increase in the density of HDBs indicates basinward trending 
facies.  A facies shift can be identified when two rock packages that are normally found in lateral 
succession are also found in vertical succession when under stratigraphic review.   The 
systematic measurement and comparison of density bands amongst Orbicella sp. can now be 
applied to stratigraphic studies of fossilized Orbicella colonies in carbonate formations.   
 Results from this study similarly hold predictive powers when considering changes in 
porosity and permeability over a spatial, vertical, and temporal transect of coral reef species.  
The technology and methodical measurement of the LDBs, HDBs, and overall density of 
Orbicella sp. provide a dataset that can be used to navigate in the subsurface.  Once a trend in the 
density of HDBs is established, perhaps in a core sample form the subsurface, trends in porosity 
and permeability can be inferred from the coral reef facies that is identified.  Future work is 
required to support the results from this study and to provide a database to which 
sedimentologists and stratigraphers, petroleum geologists, paleoclimatologists, and marine 
biologists alike can refer.   
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CONCLUSIONS 
These hypotheses target the mechanisms driving coral skeletal growth.  This study has 
documented clear trends in skeletal density banding formation across a physical space, marking 
the transitions between three coral facies. Results from this study were directly linked to a 
specific measureable physiological condition - the production of chromatophores (carbon sink) 
and photosynthetic nutritive contribution (carbon source), supporting the authors’ over-arching 
skeletogenesis hypothesis:  The rate of coral skeletogenesis is mediated by the coral 
physiological response to the primary environmental factors, light and temperature.  The 
quantitative analysis of density bands standardizes the identification of these banding patterns. 
Data inform the supporting hypothesis that corals are archivists of detailed, sub-annual 
environmental information, that can now be contextualized in space (positioning on the reef 
profile, and resulting water depth and exposure to light) and time (timing of density banding has 
been constrained to specific seasons).   
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